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Abstract of Dissertation 
 
DNA lesions are the source of the cytotoxicity of various antitumor reagents and 
-radiolysis. Studying the reactivity of these lesions and their effects in biological 
processes may provide the chemical basis for anticancer treatment and shed light on the 
rational design of novel drugs. The oxidized abasic lesion 5’-(2-phosphoryl-1,4-
dioxobutane) (DOB) is produced concomitantly with a strand break via C5'-hydrogen 
atom abstraction by a variety of DNA-damaging agents.  
Herein, we report that the reactivity of DOB is distinct in nucleosomes from that 
in free DNA. DOB undergoes cleavage at a significantly higher rate in NCPs compared 
to free DNA, exhibiting a half-life of 8.5-16.8 min depending upon the sites in which 
DOB is generated. The rate constant of DOB decomposition is faster than its expected 
rate of repair in cells. DOB decomposition results in a pyrrolone modification of the 
histone tail. Furthermore, DOB decomposition within the linker DNA that connects two 
adjacent nucleosomes is also accelerated, albeit to a lesser extent than that within NCPs. 
The pyrrolone modification was observed in the histone H3 as a result of the interactions 
of the H3 tail interacting with the lesion in the linker region. The unnatural modification 
resulting from reaction with the DNA lesion may have profound biological consequences.  
The interactions between histone tails and nucleosomal DNA play significant 
roles in chromatin assembly and the regulation of gene expression. Recent studies 
including the one presented above revealed that residues on the N-terminal tails of 
histone proteins are intensively involved in catalyzing the decomposition of DNA lesions 
at specific sites within NCPs. Despite their importance, such interactions are not well 
 iii 
defined due to the mobility of histone tails and the transient nature of the interactions. To 
gain insight into such interactions, we developed a new DNA-protein cross-linking 
(DPC) method by taking advantage of the reaction between a modified electrophilic 
nucleotide (2) and the nucleophilic residues in histone tails. Phenyl selenide 1 rapidly 
produces 2 upon mild oxidation, which reacts with nucleophilic amino acid side chains. 
The facile reaction and high DPC yields produced from 2 enabled both product and 
kinetic analysis, which ranked the contributions by individual and/or groups of amino 
acids (His18 > Lys16 > Lys20 ~ Lys8,12 > Lys5) that react with 2 at position 89 within 
the NCP, a hot spot for DNA damage. In addition, photolysis of 1 produced ICLs in free 
DNA and NCPs. The reexamination of photochemistry of 1 revealed that a carbocation 
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results in a non-natural modification on histone protein that may have profound 
biological consequences.28  
In the research presented, DOB was site-specifically incorporated into a precisely-
positioned NCP and its reactivity within the NCP was examined at three different 
positions. In addition, the reactivity of DOB was also studied at two positions within the 
linker DNA, a region connecting two adjacent nucleosomes, to explore how the 























water molecule can directly dissociate into a hydrogen atom and a hydroxyl radical upon 
excitation by high energy ionizing radiation (Equation 4). A single radiation track may 
yield up to five hydroxyl radicals in a small region that are poised to attack DNA. A 
hydroxyl radical abstracts hydrogen atoms at close to diffusion-controlled rates.10 
However, the solvent accessibility of hydrogen atoms on the sugar moiety of DNA 
differentiates their reactivity to hydroxyl radical.13 Hydroxyl radical exhibits selectivity 
for hydrogen atom abstraction in the order of C5’ > C4’ > C3’ > C2’ > C1’, which is 
consistent with the order of the solvent accessibility of these hydrogen atoms. Some 
anticancer drugs also form oxidized abasic sites by abstracting hydrogen atoms from 
deoxyribose carbons.49 The binding sites of these drugs on DNA dictate the hydrogen 
atom they abstract. 
2.1.1.2.1 The formation of 2-deoxyribonolactone (L) 
 The hydrogen atom from C1’ is buried in the minor groove and its reactivity with 
hydroxyl radical is limited.13 L, resulting from the C1’ radical, is produced in DNA 
exposed to to -radiolysis, although its yield is under debate.48,50,51 Several antitumor 
drugs including enediyne antibiotics,52 oxoruthenium complexes,53 and cationic 
manganese porphyrins54 also abstract the C1’-H. Oxygen rapidly traps the radical to 
generate a peroxyl radical (3), which undergoes elimination to produce a C1’ 
carbocation.55,56 The carbocation is trapped by water to yield L (Scheme 1).   
Scheme 1. The formation of L. 
 
2.1.1.2.2 The formation of the C4’-oxidized abasic site (C4-AP) 
9 
 
 C4-AP arises from C4’ radical that is commonly generated by a hydroxyl radical 
due to the low bond dissociation energy (BDE) of the C-H bond and the high 
accessibility of the hydrogen atom.13,57 Besides OH• produced from -radiolysis and 
Fenton reagent, antitumor drugs including bleomycin, tirapazamine, and enediyne 
antibiotics also produce the C4’ radical.58-61 The radical decomposes through distinct  
Scheme 2. C4’ chemistry under anaerobic conditions. 
 
pathways depending upon the presence of oxygen. In the absence of O2 (Scheme 2), the 
C4’ radical can be oxidized to a carbocation that is trapped by water to yield 4. 
Hydrolysis of 4 gives rise to nucleobase cleavage and the formation of C4-AP.58,62,63 
Alternatively, the C4’ radical undergoes heterolytic elimination, resulting in strand 
scission.64,65 Under aerobic conditions (Scheme 3), the C4’ radical reacts with oxygen at 
diffusion-controlled rates, yielding peroxyl radical 5.66,67 The reaction of 5 and thiol gives 
rise to the hydroperoxide 6, which undergoes a Criegee rearrangement, followed by 
hydrolysis and fragmentation. Finally, 5’-phosphate, 3’-phosphoglycolate (7), and base 
propenal (8) are generated as the end products.68-70  
Scheme 3. C4’ chemistry under aerobic conditions. 
 




C1’, C4’ or C5’ of the opposing DNA strand, or decomposes and leaves the DNA with 
only a single-strand break.   
 Similar to C4’ chemistry, the C5’ radical decomposes via distinctive pathways. 
Under aerobic conditions, the C5’ radical is rapidly trapped by oxygen. The resulting 
hydroperoxide is unstable and the majority (~80%) of 10 yields a strand break with a 
Scheme 4. C5’ chemistry. 
 
3’-phosphate and a 5’-nucleoside-5’-aldehyde end (11, Scheme 4).74,75 The other 20% of 
the hydroperoxide partitions along the pathway resulting in the formation of 3’-formyl 
phosphate and a 5’-(2-phosphoryl-1,4-dioxobutane) (DOB) residue.59 Containing a -
phosphate leaving group, DOB undergoes -elimination to form trans-2-butene-1,4-dial 
(Scheme 4), a highly reactive ,-unsaturated dicarbonyl species.76,77 By detecting the 
derivatized 2-butene-1,4-dial using GC/MS, Chen et al. confirmed the generation of DOB 
and determined that DOB accounts for ~ 4% of the total oxidative abasic sites generated 
by -radiolysis. Furthermore, enediyne antibiotics produce ~9 DOB lesions per 106 nt per 
M.78 The mechanism of the formation of DOB is unclear but it is implicated in the study 
of C5’ chemistry in the absence of O2. The production of DOB from C5’ chemistry under 
anaerobic conditions was observed on -radiolysis irradiated DNA.79 Dedon proposed 
that under aerobic conditions, an alkoxy radical (13) is formed from a peroxyl radical 12, 
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which undergoes -scission.58 The cleavage of the C4’-C5’ bond results in a C4’ radical 
and 3’-formyl phosphate fragment. Following release of the free base, the C4’ radical 
undergoes further oxidation and produces DOB. Alternatively, a mechanism involving a 
Criegee-type rearrangement of of hydroperoxide (10, Scheme 5) followed by hydrolysis  
Scheme 5. Two proposed pathways of generating DOB from C5’ radical. 
 
was proposed to explain the formation of DOB under aerobic conditions.80 
2.1.2 Biological effects of DNA abasic sites 
 It is estimated that each cell produces 10,000~50,000 AP sites per day.5 If left 
unrepaired, abasic sites can block replication and transcription.81 Due to the constant 
formation and cytotoxicity of DNA abasic sites, the ability to repair these lesions is 
integral for genomic stability.82 BER is the major pathway evolved by cells for efficiently 
recognizing and removing abasic sites and modified nucleobases.42,81 
2.1.2.1  Repair of abasic sites by BER 
  Recognition of the damaged nucleobases by DNA glycosylases is the step that 
initiates BER pathway. Most studies show that glycosylases locate the damaged bases by 
sliding along DNA over a short-range, capturing and interrogating extrahelical 
nucleobases.83 Upon recognizing the damaged bases, the enzyme moves it into the active-
site pocket and catalyzes the glycosidic bond cleavage, generating an AP site. However, 
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the mechanism of the cleavage and the following steps may vary among different types of 
glycosylases (See section 2.1.1.1). 
 The enzyme that replaces the glycosylases at the resulting AP site is 
apurinic/apyrimidinic endonuclease (APE1, Figure 4).84,85 Upon binding, APE1 flips the 
abasic site extra-helically into its active site in a similar manner to glycosylases that 
 
recognize damaged bases.86 The phosphodiester backbone immediately 5’ to the AP site 
is incised by APE1, affording a nick with 3’-OH and 5’-deoxyribose phosphate (dRP) 
termini (Figure 4).42 Besides AP, APE1 also recognizes and incises oxidized abasic sites 
including C4-AP and L at a rate only marginally slower than AP.87,88 Moreover, APE1 
also removes modified 3’-end groups including 3’-phosphoglycolate resulting from C4’ 
oxidation89 and 3’-dRP, which is a common end product left by bifunctional DNA 
glycosylases.90 This function of APE1 is crucial for BER pathway because such 3’-
modifications are not recognized by DNA polymerase or DNA ligase.90 
 The enzyme following APE1 in the BER pathway is polymerase  (Pol , Figure 
4), which is a monomeric polypeptide consisting of two domains (Figure 8): 8 kDa 
amino-terminal domain (~ 90 residues) connected by a short segment to a carboxyl-
terminal 31 kDa domain (~ 250 residues).91 Pol  belongs to the X family of polymerases 
in eukaryotes, which lacks a proofreading subdomain leading to low fidelity.92 The 
sequence of Pol  is highly conserved among mammalian species, suggesting an essential 




present in this region, Lys35, Lys68, Lys72, and Lys84. While mutating Lys35 does not 
affect Pol ’s lyase activity, K68R mutant exhibits a significantly reduced lyase activity, 
indicating the involvement of Lys68 in the catalytic function.96 Mutating Lys72 alone or 
with Lys35, or Lys68, or both Lys35 and Lys68 results in loss of >95% lyase activity.96 
Mutagenesis studies and mass spectral analysis revealed that Lys84 is not involved in 
reacting with dRP.94,95 However, the close proximity of Lys84 to the C1’ of dRP in the 
crystal structure indicates that it may compensate for Lys72’s absence.96 This is 
consistent with the fact that a Lys72 mutant does not eliminate the lyase activity.97 
Following Schiff base formation, the proton at the C2’ is abstracted possibly by an 
intervening water that is activated by Asp26 or Ser30 to facilitate -elimination.96 The 
cleavage catalyzed by lyase most likely proceeds by a syn -elimination involving 
abstraction of the 2’-pro-S proton to afford a trans-,-unsaturated aldose product.91 The 
hydrolysis following the cleavage releases dRP and regenerates the enzyme. The dRP 
lyase reaction was proposed to be the rate-determining step in monofunctional 
glycosylase-initiated BER pathway.98,99 However, a recent study revealed that the lyase 
reaction was much faster (at least 20-fold) than the gap-filling reaction by Pol .100 
 The 31 kDa domain of Pol  possesses the gap-filling activity and contains three 
subdomains: C- (catalytic), D- (duplex DNA binding), and N- (nascent base pair binding) 
subdomains (Figure 8A).91,101 Upon binding with the correct dNTP, the N-subdomain 
undergoes notable conformational change so that it encloses the nascent base pair against 
the growing DNA primer, achieving a transfer from an “open” to “closed” form.102 The 
D-subdomain bends DNA complex containing a nick by 90º (Figure 8A), exposing the 
nascent base pair between template base and incoming dNTP. The two coordinated Mg2+ 
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ions in the C-subdomain activate the 3’-hydroxyl group, facilitating its attack on the -
phosphate of the incoming nucleotide triphosphate.102,103 Following the removal of 5’-
dRP and the insertion of the correct nucleotide, ligation performed by DNA ligase 
completes the repair (Figure 4). Pol  will initiate strand-displacement synthesis to 
generate a longer repair patch (long-patch repair) when a substrate that is not recognized 
by Pol  interrupts BER.91 The newly incorporated nucleotides by Pol  displace the ones 
containing the modified residue at the 5’-end, creating a single-stranded DNA-flap that is 
subsequently removed by flap endonuclease-1 (FEN1). Ligation again completes the 
repair (Figure 4).91 However, Pol  is more efficient and accurate at filling a gap than 
synthesizing a strand that is several nucleotides long.104 For instance, the efficiency of 
Pol  incorporating a single dNTP is more than 500-fold higher than filling a 6-nt gapped 
DNA. Furthermore, the fidelity of nucleotide insertion is 10-100 times higher on DNA 
with a single nucleotide gap than a 6-nt gap. 104  
 Pol , a homolog of Pol , also belongs to the X family of polymerases and is 
suggested to be a backup BER polymerase in Pol  deficient cells.105-107 The 39 kDa 
catalytic core of Pol  is structurally similar to Pol , with an N-terminal 8 kDa domain 
that has lyase function and a 31 kDa polymerase domain. The active site of the 8 kDa 
lyase domain is also lysine-rich. Lys312 in Pol  is structurally equivalent to Lys72 in 
Pol . However, Pol  exhibits limited strand displacement capacity, suggesting that it 
cannot replace Pol  in long-patch BER.108 
2.1.2.2 Bypass of abasic sites 
  Although cells have evolved multiple and complex systems (such as BER) to 




occurring opposite a normal template base downstream the lesion.113  In contrast to E. 
coli., bypass of abasic lesions in eukaryotes does not obey the A-rule. For instance, Pol  
bypasses abasic site analogues in dNTP-stabilized misalignment model, resulting in a 
product with a one-nucleotide deletion.113,115 Additionally, incorporation of C opposite an 
AP site is predominantly favored in yeast cells.116 The diverse mutagenic properties of 
DNA abasic lesions represent their important biological consequences when they are left 
unrepaired in cells. Characterization of such lesions and their reactivities in different 
contexts provide insight into the mechanism of action of the damaging agents that 
produce these lesions.  
2.2 Reactivity of DOB in naked DNA 
2.2.1 Independent generation of DOB at specific sites within DNA 
DOB exists as an equilibrium mixture of a ring-closed form and a ring-opened 
1,4-dialdehyde (Scheme 6).117 Thorough investigation of its reactivity in DNA with 
various flanking sequences requires independent generation at specific positions. 
However, the high reactivity of DOB necessitates a precursor that is compatible with 
solid-phase DNA synthesis. Preparation of oligonucleotides containing DOB at specific 
sites was first described using phosphoramidite 14.117 The o-nitroveratrole precursor 15 
produces DOB in high yield upon brief photolysis at 350 nm. All DOB-containing  
Scheme 6. Synthesis of an oligonucleotide containing DOB. 
 
oligonucleotides included in this document were prepared in this manner. Determination 
of melting temperature of the ternary complex containing DOB indicated that the stability 
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of such a structure is similar to an oligonucleotide containing a phosphate group or an 
abasic site analogue at the same position.117 
2.2.2 DOB reactivity in DNA  
DOB in single stranded DNA (14 mer) reacts readily with nucleophiles such as 
tris(hydroxymethyl)aminomethane (Tris), resulting in the monoadduct as the major 
product (16, Scheme 7) and bisadduct as the minor product (17, Scheme 7).117 The -
elimination of DOB in a 30-nt ternary complex occurs at a rate constant of 1.86 × 10-6 s-1 
(t1/2 = 10.7 h) under physiological conditions (10 mM phosphate buffer pH 7.2, 100 mN 
NaCl) at 37 °C,117 indicating that DOB is considerably less stable than other abasic sites 
(AP, C4-AP and L).118,119 The excision of DOB releases 2-butene-1,4-dial and yields a 
strand fragment with 5’-phosphate (Scheme 7).78 The cis- and trans- isomers of 2-butene- 
Scheme 7. Products of DOB reacting with Tris or undergoing -elimination. 
 
1,4-dial represent toxic ,-unsaturated dicarbonyls that are highly reactive DNA 
alkylating reagent.76,77,120-122 The trans- isomer readily alkylated the native nucleotide 
under physiological conditions.76 In addition to reacting with dC, dA and dG in DNA to 
potentially cause mutagenesis,122 cis-2-butene-1,4-dial also reacts readily with the side 
chain of amino acids including lysine and cysteine.123  
Independent generation of DOB in DNA ternary complexes also revealed that the 




approximately the same position as each of the aldehyde groups in DOB. The absence of 
reaction between the two model compounds and dA at a 3’-opposing position indicated 
that Schiff base formation from a single aldehyde group of DOB is not sufficient for ICL 
formation.15 Therefore, the ICL was proposed to emanate from the condensation of the 
DOB lesion and the N6-amine from dA (Figure 10B). The specificity of DOB’s reactivity 
with dA at the opposing strand was explained by the proximity of the N6-amine group to 
the DOB aldehyde.15   
2.2.3 DOB inhibits polymerases involved in BER 
 The BER pathway is usually responsible for the repair of abasic sites (See section 
2.1.2). Given that DOB is an abasic site with a strand break at its 5’-end that mimics the 
products from APE1 incision, it is possible that this lesion would be a substrate for Pol . 
Indeed, Pol  cleaves DOB at its 3’-end although the rate constant was 100-fold slower 
than that for Pol ’s cognate substrate dRP.22 However, Pol  only excises four 
equivalents of DOB containing strands before it is inactivated. Kinetic analysis indicates 
that DOB inhibits Pol  irreversibly (KI ≈ 13 nM, kinact ≈ 4 × 10-4 s-1).18 Radioactive 
isotope labeling of the DNA containing the lesion determined that DOB inhibited Pol   
Scheme 8. Inactivation of Pol  by DOB. 
 
through two pathways (Scheme 8).18 The major inhibition pathway involved DNA-
protein cross-link (DPC) formation between the lesion and the amino acid residue in the 
active site of Pol . The modification of the key residues by cis-2-butene-1,4-dial that 
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results from the cleavage at the DOB comprised the minor inhibition pathway (~10%) of 
the inactivation events. In contrast to the ICL formation by DOB, inactivation of Pol  is 
mediated by Schiff-base formation as the monoaldehyde analogue (19) also inhibits Pol 
, albeit to a lesser extent than DOB.22 Mass spectral analysis on the GluC digest of Pol  
following the reaction with DOB containing DNA provided direct evidence for a covalent 
modification on Lys84, which plays a back-up role for Lys72 in carrying out the lyase 
reaction (See section 2.1.2.1).22 Moreover, indirect evidence showed that Lys72, the key 
residue for the lyase activity of Pol  is also involved in reacting with DOB (See section 
2.1.2.1).22 Inhibition of the lyase function of Pol  by DOB is accompanied by the 
inactivation of its DNA polymerase activity.22 
 DOB also inhibits Pol , a backup polymerase for Pol  in BER (See section 
2.1.2.1), in a manner similar to Pol .124 Pol  excises DOB 13 times less efficiently than 
dRP, even though the absolute rate constants for both substrates were considerably 
slower than those detected for Pol  in respective reactions. Kinetic analysis also 
indicated an irreversible inhibition of pol  by DOB (KI ≈ 33 nM, kinact ≈ 5.2 × 10-4 s-1). 
However, DOB inhibited Pol  3-fold less efficiently than Pol  according to the KI 
value. Inhibition of the lyase function of Pol  by DOB also prevents it from exerting its 
polymerase activity. Mass spectral analysis of protease digested Pol  following the 
reaction revealed a covalent modification of Lys324, a homologous residue to Lys84 in 
Pol , provided inferential support for the modification of Lys312 that is equivalent to 
Lys72 in Pol . 
2.2.4. The importance of investigating DOB reactivity 
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 The formation of ICLs by DOB represents a process in which DNA promotes the 
detriment of abasic sites. Such processes are exemplified by another abasic site, C4-AP, 
that produces two distinct types of ICLs under catalysis by local sequences.125,126 One of 
the ICL products from C4-AP resembles that formed by DOB, in which the formation of 
ICL is accompanied by a nick at the adjacent site. An ICL is an absolute block of DNA 
replication/transcription and places a great challenge on DNA repair systems, as it 
requires repair on both strands of the DNA.127 Hence, compounds that form ICLs exhibit 
high cytotoxicity and some of them have been widely used in chemotherapy.17 
Nucleotide excision repair (NER) comprises an important pathway for ICL repair.17 
However, misrepair of an ICL by NER may lead to a more deleterious outcome. For 
instance, when the ICL with a nick on one strand, generated from C4-AP, was subjected 
to NER, ~15% of the lesion was transformed into a double-strand break (DSB), the most 
deleterious form of DNA damage.128 DSBs are also produced from the repair of DOB-
induced ICLs. A recent study revealed that UvrABC, the repair enzymes involved in 
NER in prokaryotes, incised ~20% of the DNA strands containing a stabilized analogue 
of DOB-induced ICL in 1 h.129 More importantly, a DSB was generated as the sole 
product from the incision.129 The generation of more deleterious DNA damage from 
abasic sites may contribute to the cytotoxicity of the potent antitumor agents that produce 
these lesions and provides insight into the mechanism of action of these reagents. 
 The investigation of the reactivity of DNA lesions also facilitates the rational 
design of novel antitumor drugs. Recently, a library of small molecules whose structures 
were inspired by DOB was synthesized and screened for a potent inhibitor of Pol  
because the enzyme is overexpressed in cancer cells and represents an intriguing target 
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for anticancer therapeutics.23 The most effective compound (20, Scheme 9) exhibited 
potent ability to inhibit Pol  with a comparable IC50 (~21 M) to the best of previously 
reported Pol  inhibitors.23,130 In addition, the compound showed high selectivity for Pol 
 over other polymerases that conduct extension activity during DNA replication on 
undamaged templates.23 The bisacetate precursor 21 (Scheme 9), which is unmasked 
easily by cellular esterases to generate 20, exhibited higher cytotoxicity than 20 in a 
prostate cancer cell line (DU145). The reason behind that is attributed to the greater 
stability of 21 that renders higher concentration of it delivered into the cells.23 Knockout  
Scheme 9. Transformation of 20 from 21. 
 
experiments suggested Pol  as the major target of 20 in the cells. Moreover, 21 
enhanced the cytotoxicity of a DNA alkylating reagent (methyl methanesulfonate 
(MMS)) that functions by alkylating DNA, which is a substrate for the BER pathway.23 
This strategy of developing novel antitumor drugs based on the reactivity of DNA lesions 
could be generally useful for targeting other DNA repair enzymes. 
2.3 DNA damage in nucleosomes 
2.3.1  Introduction to the nucleosome 
 Genomic DNA in eukaryotic organisms is packaged into chromatin by extensive 
association with histone proteins. Nucleosomes, the fundamental repeating unit of 
chromatin, consist of a nucleosome core particle and 10-90 base-pairs of linker DNA. 
The nucleosome core particle is comprised of DNA (145-147 bp) wrapped around an 
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octameric histone core folded by two copies of each histone protein (H2A, H2B, H3 and 
H4).131 The “linker histone” H1 binds with the linker DNA and helps the nucleosomes 
compact into higher organizational levels. Post-translational modifications, along with 
ATP-dependent chromatin remodeler complexes control the dynamics of the structure of 
chromatin, which is important for gene expression and DNA repair.132 
2.3.1.1 Structure of the nucleosome core particle 
 The chromatin subunit model was first proposed in 1973, according to the 
digestion patterns of eukaryotic DNA and electron microscopic observations.133,134. The 7 
Å crystal structure confirmed the “beads on a string” model. Although correct 
assignments of the histone subunits were not possible due to the low resolution, important 
parameters of nucleosomal DNA structure were derived from this structure and still stand 
today.135 A breakthrough was made by utilizing Xenopus Laevis histone proteins 
expressed in E. coli individually and the structure of the nucleosome core particle 
containing a palindromic sequence derived from human -satellite DNA was determined 
to a resolution of 2.8 Å.136 This structure provides unprecedented insight into the protein-
protein and protein-DNA interactions.   
 Even though the palindromic DNA sequence accommodates the two-fold 
symmetry of the histone octamer and provides ease for resolving the crystal structure, its 
affinity to the histone octamer and its “positioning power” is limited. This becomes 
problematic in nucleosome studies involving DNA fragments longer than 147 bp. To 
improve the binding affinity and further understand the rules for DNA sequence-directed 
nucleosome positioning, Widom et al. carried out a SELEX (Systematic Evolution of 








hydrolysis. As a result, nucleosomal DNA that originally binds with the histone octamer 
is liberated and becomes accessible to various regulatory proteins (“open” state, Figure 
17).144  
Besides interacting with linker histone (H1, H5) and chromatin remodelers, linker 
DNA also interacts with histone protein tails. Hill et al. investigated the interactions 
between histone tails and linker DNA in sea urchin sperm chromatin, which features long 
linker regions (~ 74 bp) and extended N-terminal tails of histone H2B, by selectively 
radiolabeling lysine residues that interact with DNA.145 Comparison of the radiolabelling 
patterns of histone proteins in chromatin and in the NCP showed that the N-terminal 
regions from H2B interact with the linker DNA. Another cross-linking experiment 
revealed that the yield of DNA-protein cross-links (DPCs) induced by UV laser within 
nucleosomes depended on the length of nucleosomal DNA.146 The DPC yield increased 
significantly as the DNA size increased from that of the NCP (147 bp) and reached 
maximum in nucleosomes with ~170 bp DNA. Further increases in DNA length did not 
lead to greater DPC yield, indicating that the interactions were mainly on the first ~25 bp 
of linker DNA. Experiments with nucleosomes lacking the tail regions of histone proteins 
confirmed that the interactions took place between histone tails, especially from histone 
H3, and linker regions. The biological importance and effect of such interactions remain 
elusive. However, the presence of linker DNA affects the histone-DNA interactions 
within nucleosomes as well as the functions of enzymes on nucleosomes. Two 
independent studies observed the same interesting “shifts” in the interactions involving 
the C-terminal tail of histone H2A.147,148 In the absence of the linker DNA (NCP), the C-





vast array of modifications provides tremendous potential for functional response. During 
investigation of these modifications, growing evidence reveals that multiple 
modifications function in a combinatorial manner to bring about distinct downstream 
events. These discoveries lead to the proposal that a histone language is encoded on these 
tail domains that are read by various proteins.154  
2.3.1.3.1 Acetylation disrupts the assembly of higher-order chromatin structures 
 The breakthrough in understanding the biological function of PTMs occurred 
when the first histone acetyltransferase and deacetylase was identified.132 Acetylation of 
histone N-terminal tails highly correlates with the decondensed state of chromatin 
structures as it weakens the histone-DNA interactions through neutralization of charges 
on the lysine residues of the histone tails.153 The deacetylation of histone proteins is 
crucial for the formation of higher-order chromatin structure. In contrast, random 
hyperacetylation of histone tails (>6 acetyl groups per octamer) disrupts the self-
assembly of nucleosomes into 30-nm chromatin fiber.155 Nevertheless, acetylations on 
different lysine residues contribute unequally to the decondensed state of chromatin.  
Shogren-Knaak et al. used a native chemical ligation strategy to interrogate the biological 
effects of the acetylation on a specific lysine (lysine 16 on histone H4 tail (H4-
K16Ac)).156,157 Recombinant histone H4 homogeneously acetylated at K16 (Figure 20) 
was obtained by ligating an H4 N-terminal peptide (amino acids 1 to 22) containing 
acetylated K16 and a C-terminal thioester with a fragment of histone H4 (amino acids 23 
to 102), in which H4 arginine 23 had been substituted with a cysteine (R23C). In the 
presence of divalent cations (1.0 mM MgCl2), conditions in which nucleosome arrays 








Therefore, this footprinting method is frequently applied to verify the positioning of 
nucleosomal DNA with respect to the histone octamer.169-171 DNA cleavage induced by 
anticancer drugs including bleomycin and neocarzinostatin was also reduced. However, 
the cleavage patterns resembled those in free DNA, indicating that the sequence 
specificity of these drugs overrides the accessibility of the minor groove.172,173 The 
heterogeneous generation of DNA lesions within nucleosomes by these reagents does not 
allow elucidation of the chemistry of individual DNA lesions at defined positions in 
nucleosomes. The nucleosomes composed of chemically synthesized DNA and 
recombinant histone proteins expressed in E. coli provide valuable tools for interrogating 
the reactivity of DNA lesions at specific positions within nucleosomes, as well as the 
roles of amino acid residues in affecting the lesions’ reactivity.8,26-28,174 DNA sequences 
with high affinity towards histone octamers, such as the 601 sequence, are widely used in 
preparing designer nucleosomes due to the single rotational orientation these sequences 
adopt around the histone core.  
There are two strategies for preparing nucleosomal DNA with latent lesions at 
defined sites (Figure 24). One involves solid-phase synthesis of short oligonucleotides, 
followed by enzymatic ligation to form the requisite length of DNA (Figure 24A). This 
method is advantageous in preparing the DNA accommodating modifications at specific 
sites. However, it is challenge applying this method to prepare long nucleosomal DNA 
strand (>500 bp) in large scale (>10 nmol). Our group has adopted this strategy to study 
the reactivities of a variety of abasic lesions in NCPs.26-28,174 Generally, a short 
oligonucleotide harboring the precursor of a DNA lesion that is compatible with DNA 






lysine-rich N-terminal histone tails. For instance, AP at SHL 1.5, which is an important 
drug binding site,179,180 reacts almost exclusively with the histone H4 tail.25,27 
Mutagenesis studies suggest that reactions of AP with nucleophlic residues including 
lysines and histidine account for most of the accelerated cleavage (Figure 26B).27 
Moreover, mutating lysines with alanines increased the ratio of DPCun to DPCcl, 
indicating that these residues also participate in the -elimination step.27  
 When two AP sites are generated within ~1.5 helical turns in nucleosomal DNA 
(also referred as “clustered lesions”), double strand breaks (DSB) are produced. The 
interesting observation is that following reaction at the first AP site, cleavage at the other 
AP site is accelerated 10-15-fold as compared to an isolated AP lesion. This results in 
little or no induction time for DSB formation, the most deleterious form of DNA damage. 
Independently synthesized DPC with an AP on one strand induces faster cleavage of the 
second AP in the opposing strand, suggesting a template effect.27 However, the presence 
of a gap that mimics the removal of an AP also results in similar acceleration of the AP 
reactivity as observed in the clustered AP lesions.27 Even though the mechanism behind 
this observation is unclear, this study suggests the chemical basis for the cytotoxicity of 
reagents that produce clustered lesions.8 
2.3.2.2.2 Reactivity of C4-AP in NCPs 
 C4-AP also exhibits distinct reactivity in NCPs as compared to free DNA. C4-AP 
produces ICLs in free DNA,125,126,181 which is not observed in NCPs. Instead, C4-AP 
decomposition in NCPs yields DPCs and SSBs (Figure 27).28 The cleavage at the C4-AP 
site is accelerated as much as 550-fold compared to naked DNA, resulting in a half-life as 






structure is still controversial. Nunez et al. first reported that photoexcitation of a 
rhodium complex tethered to the 5’-terminus of DNA also initiates charge transfer in 
NCPs, resulting in selective oxidation of guanine bases at a distance up to 24 bp.191 The 
pattern and extent of such oxidation is indistinguishable from that in free DNA, 
suggesting that histone binding has little effect on charge transfer within DNA. Liu et al. 
used a different hole injection method (photoexcitaion of 2-aminopurine incorporated in 
nucleosomal DNA) and observed a less efficient hole migration in NCPs by a factor of 
1.2-1.5 as compared to free DNA.192 However, another study showed that the efficiency 
of charge transfer increases sharply in NCPs relative to free DNA at low salt 
concentration.193 They also demonstrated that the hole migration efficiency within NCPs 
highly depends on the salt concentration, which modulates the stability of NCPs.193 At a 
salt concentration as high as 1 M, the selective oxidation yield at guanine is identical to 
that observed in naked DNA. This observation may explain the inconsistent results 
reported by different groups. Moreover, removal of N-terminal histone tails eliminates 
the effect of histone protein binding to the DNA, implying that the increased hole 
migration efficiency results from the interactions between histone tails and nucleosomal 
DNA.193 However, this effect was not observed in another study involving a different 
nucleosomal sequence.194 
2.3.3 The repair of DNA lesions within nucleosomes 
 Chromatin creates a barrier for DNA repair enzymes to counteract DNA lesions 
generated by endogenous and exogenous sources.195 Histone proteins may block the 
binding site of DNA repair enzymes, thereby creating a competition for DNA binding. 




remodeling complex. The requirement of histone H1 dissociation is probably due to its 
inhibition of nucleosome remodeling.201,202 
    The in vitro repair of the uracil residue in DNA was investigated in several 
studies by incorporating dU at defined positions in NCPs.203-208 Uracil in DNA results 
from deamination of cytosine, or misincorporation of dUMP opposite adenine during 
replication.5,209 The recognition and cleavage of the nucleobase by uracil DNA 
glycosylase (UDG, Figure 30) initiates the repair of dU in DNA through the BER. The 
activity of two UDGs was first studied in mammalian cells, UNG2 and SMUG1, on a dU 
either near the dyad position or at the edge of a NCP.210-212 The removal of dU by both 
UNG2 and SMUG1 is 3-10-fold slower in NCP as compared to free DNA and is 
independent of the positions of dU within the NCP. Two subsequent studies agreed with 
the slower UDG activity in NCPs.204,205 However, they also showed a strong dependence 
of UDG activity on the rotational position of dU with respect to the histone octamer. 
When dU is placed in an exposed site where the minor groove faces away from the 
histone core, the efficiency of removing dU is only marginally lower than naked DNA, 
whereas the cleavage rate of dU whose minor groove faces towards the histone octamer is 
reduced by 3,000- to 10,000-fold relative to free DNA. A more recent study thoroughly 
investigated UDG activity on multiple sites within NCPs and substantiated orientation-
dependent activity of UDG.203 However, they did observe exceptions. The cleavage of 
dU at some exposed sites occurs unusually slow, whereas some buried sites exhibit 
similar reactivity to free DNA. Therefore, they proposed other factors that contribute to 
the reactivity of UDG in NCP, such as the size of the minor groove, the hydrogen 




including the dyad, SHL 1.5, and SHL 4.5 (Figure 31B). The structure of the DNA 
around the dyad position is more rigid and least disrupted by the binding of the histone 
octameric core compared to the nucleosomal DNA as a whole. Moreover, the dyad 
position is distant from the N-terminal histone tails, although evidence suggested that the 
C-terminal tail from H2A may interact with the DNA around the dyad position.148 
The structure of DNA at SHL 1.5 accommodates a severe bend associated with 
stretching of DNA as shown in the crystal structure (See section 2.3.1.1). This dramatic 
difference imparted on DNA structure can alter the reactivity of DNA lesions at this site 
as compared to that in free DNA. The reactivity of abasic sites including AP, C4-AP, and 
L was also investigated at this position (See section 2.3.2.2). Furthmore, SHL 1.5 is a  
 
known drug-binding site.179,180 Abasic lesions are highly likely to be generated at this 
site. Hence, it was important to understand the behavior of these lesions at this position. 
Furthermore, SHL 1.5 is in proximity to the histone H4 tail and is accessible to histone 
H3 tail (Figure 31B). The lysine-rich histone tails play crucial roles in affecting the 
reactivity of DNA lesions.214 These features make it an attractive location to incorporate 
DOB and study its reactivity. The DNA structure around SHL 4.5 also contains an 
extreme kink and stretching that makes it intriguing to investigate DOB reactivity at this 
site. Moreover, the N-terminal tails from histone H2A and H2B are close to SHL 4.5 
(Figure 31B).  





requisite nucleosomal DNA accommodating the DOB lesion was composed of ternary 
complexes. Each of the strands in the ternary complexes was obtained separately through 
enzymatic ligation of chemically synthesized oligonucleotides. The construction of the 
strands containing latent DOB, however, required a unique approach. Strands containing 
15 (57 mer in Figure 32A) necessitate internal radiolabeling due to the lack of the free 
hydroxyl group at the 5’-end. Following the decomposition of DOB in NCPs, the strands 
containing DOB need to be cut into shorter pieces by a restriction enzyme in order to 
separate the strands still containing DOB from those without DOB (Figure 32B). The site 
where radiation is incorporated, should be close to the DOB position to enable 
visualization and resolution. For instance, the strand containing DOB89 (57 mer) was 
constructed from two shorter pieces: a 12 mer with DOB, and a 5’-32P-labeled 45 mer. 
The two short oligoes were ligated using a splint strand (Figure 32A). Other regular 
strands including the 88 mer and the 145 mer complementary strand were obtained by 
ligation following enzymatic phosphorylation of the appropriate oligonucleotides and 
hybridization of the strands in the correct order using the splints (Figure 32A). All ligated 
strands were purified by denaturing PAGE. Finally, hybridization of the strand containing 
DOB and the flanking sequence with complementary strands yielded the requisite ternary 
complexes. 
The resulting 145 bp ternary complexes with precursor 15 (substrates 25-28, 
Figure 33) were reconstituted with recombinant Xenopus laevis histones using the salt-
reduction method to yield the NCP.216 A typical reconstitution reaction was carried out 
with ~1 pmol of ternary complexes in the presence of ~10 g of salmon sperm DNA as 







3.1.3 The reactivity of DOB at three positions within NCPs 
 DOB resembles C4-AP structurally, each containing a 1,4-dicarbonyl functional 
group.8 Due to their structural similarity, they share common reactivities in many respects 
such as forming ICLs in duplex DNA and inhibiting Pol . The two lesions inhibit Pol  
through a common mechanism that is initiated by Schiff-base formation and results in 
covalent modification of the key lysine residues in the active site of the lyase domain of 
Pol .8,18,88 A similar reaction was observed between C4-AP and the lysine side chains of 
the N-terminal histone tails when the lesion was placed in the NCP.28 Consequently, the 
strand scission at C4-AP was accelerated as much as ~550-fold compared to free DNA 
and the lesion was transferred in its entirety to the lysine residues on histone tails as a 
covalent lactam modification (See section 2.3.2).28 Given the above observations, it is 
expected that DOB reactivity will also be affected in NCPs. The purpose of the following 
study is to investigate the behavior of DOB at different sites within NCPs. 
 Different forms of gel electrophoresis were applied to monitor DOB reactivity in 
NCPs. The strand scission occurring at the DOB lesion was detected by denaturing 
PAGE (20%) following restriction enzyme treatment. The length of the possible ICL 
required analysis by low percentage of denaturing PAGE (8%). Finally, native SDS 
PAGE was used to monitor the possible DNA-protein cross-links (DPCs) formed en route 
to strand scission.  
3.1.3.1 DOB reactivity in naked DNA 
  First, the DOB reactivity was monitored in the 145 mer ternary complexes 
without histone binding. A previous report established that DOB undergoes -elimination 
















reactions on NCPs with DOB73 by SDS native PAGE also revealed multiple DPC bands 
(App. Figure 16B), suggesting a nonselective distribution of cross-linked proteins at dyad 
position. This is consistent with its greater distance from any of histone tails compared to 
the other two SHLs examined (Figure 45). No characteristic peaks could be identified in 
the digestion mixtures from DPCs produced by DOB73. This is possibly due to the more 
dispersed distribution of cross-linked proteins at the dyad position, such that each cross-
linked protein is present in an amount that is below the detection limit of the method 
applied here. 
3.1.3.5 Probing the roles of amino acid residues by mutagenesis studies 
 The Schiff base formed between DOB and a histone-lysine residue was assumed 
to account for the DPCs observed in the above experiments. The excision of the lesion 
was accelerated because the Schiff base formation decreases the pKa of the proton at C2’ 
of DOB, facilitating the -elimination (Scheme 10). To probe the role of specific residues 
on the histone H4 tail (sequence shown in Figure 46A) in accelerating the decomposition 
of DOB89, the reactions were carried out on NCPs containing histone H4 variants. 
Substituting five lysine residues in the H4 tail with arginines, which retained the overall 
charge of the tail but reduced its basicity and nucleophilicity, decreased the rate of DOB 
decomposition within the nucleosomes containing 25 by ~8 fold (t1/2 = 69.1 min, Figure 
46B). Moreover, when all the nucleophilic residues in the histone H4 tail were mutated 
(Lys to Arg and His18 to Ala), the reactivity of DOB89 in NCPs was further reduced (t1/2  
= 124.4 min), with a half-life ~15 times longer than that with WT histone proteins. These 
results, however, leave ~50 fold of the acceleration observed in the nucleosomal DOB 








Specific modified sites were further identified via LC- MS/MS analysis of 
digested histone H4 by various proteases. The mass of the peptide fragment 9-16 from the 
Lys C digest on modified histone H4 was found to be 66 Da greater than the fragment 
from the unmodified one. The same fragment was not observed from MALDI-TOF 
analysis, indicating that the two methods of mass analysis are complementary. More 
importantly, the fragmentation pattern detected by LC-MS/MS affirmed Lys12 as the 
modification site (Figure 51A). In addition, a fragment consisting of amino acid 20-23 
exhibited mass 66 Da more than the one in WT (Figure 51B). This was consistent with 
the results obtained from MALDI-TOF MS analysis of the in-gel trypsin digest following 
acetylation. Moreover, the fragmentation pattern of the peptide indicated modification on 
Lys 20.  
The above results clearly indicate that the DOB lesion was removed in its entirety 
from DNA by cleaving at its 3’-phosphate and transferred to the lysine residues on the N-
terminal tail of histone H4. Peptide mapping studies suggest that multiple lysine residues, 
including Lys 12, 16 and 20 are involved in reacting with DOB. The modification on Lys 
5 and/or 8 is only observed in the peptide fragment 1-9 digested by thermolysin (Figure 
48A). The crystal structure of the NCP containing the 601 sequence reveals that Lys 5 
and 8 are far away from position 89 (Figure 52A). The spatial distance between these two 
residues and the DOB lesion makes the reaction less likely to occur.  
The unnatural covalent modification of histone protein tails by DNA lesions could 
have deleterious consequences on cell signaling as the lysine residues on the histone tails 
are subjected to various post-translational modifications that are crucial for regulating 














nucleosomes with 37 (DOB159) was extended 2-fold (t1/2 = 1.59 h) in the absence of N-
terminal tail from histone H3 (Figure 61). Moreover, DOB159 exhibited the same 
reactivity (t1/2 = 1.56 h) in the nucleosomes composed of tailess H3 and H4 as that of 
only tailess H3 (Figure 61). These observations suggested that DOB159 within the linker 
region interacts exclusively with the tail from histone H3. Histone H4 tail was not 
involved in contacting with DOB159, even in the absence of H3 tail. These results are 
consistent with the previous report in which a cross-linking experiment established that 
histone H3 played a major role in interacting with the linker DNA.146 However, the 
interaction with the histone H3 tail only accounts for 2-fold of the increased DOB159 
reactivity. The factors contributing to the remaining 65-fold acceleration remain unclear. 
 In contrast, DOB176 exhibited similar reactivity in nucleosomes consisting of wild 
type and tailess histone proteins (Figure 61). Removal of the N-terminal H3 tail had little 
effect on the reactivity of DOB in nucleosomes with 38 (t1/2 = 3.3 h). Furthermore, the 
half-life of DOB176 remained unchanged upon removal of both N-terminal tails from 
histone H3 and H4 (t1/2 = 3.0 h). The N-terminal tails from H2A and H2B are unlikely to 
interact with the linker region as they reside on different half of the nucleosomes than the 
linker DNA. These observations suggested no interactions between histone protein tails 
and the position 176. Being separated by 30-nt from the core domain, position 176 is 
approximately 105 Å from the core domain (1 bp ≈ 3.4 Å). Although the N-terminal 
histone tails are not visible in the NCP crystal structure, they are not disordered in 
nucleosomes. Compelling evidence indicates that histone tails adopt stable conformations 
upon binding DNA and such structures are altered by post-translational modifications on 






calculation indicates that amino acids 1-20, including Lys 4, 9, 14 and 18 have higher 
probability of contacting position 159 than the rest of the residues. Amino acid residues 
22-37 may also interact with DOB159 given that neither linker DNA nor the histone tail is 
in a fixed position, albeit with a much lower probability. Therefore, other lysine residues, 
especially Lys9, 14 and 18 may also be involved in the interactions, but the modified 
fragments are under the detection limit. 
Lys4 on histone H3 tail (H3K4) is an important amino acid residue whose post-
translational modification is strongly associated with the regulation of gene transcription. 
Trimethylated H3K4 modulates the proper transcription of a certain gene (MET16 
encodes for a 3'-phosphoadenylsulfate reductase) in yeast by recruiting the Isw1p, an 
ATP-dependent chromatin remodeler, to create the “open” form of the chromatin.162 
Besides chromatin remodeler, methylated H3K4 also associates with acetyltransferase 
complexes, which is consistent with its role in transcriptional activation.163 In contrast, 
the trimethylated H3K4 also serves as a binding platform for the recruitment of histone 
deacetylase complexes to induce the “closed” form of chromatin in response to DNA 
damage.163 Mounting evidence reveals that different proteins have specific affinity for 
mono- or dimethylated H3K4, implying that different methylation states are associated 
with distinct regulatory pathways.161 Although the functions for mono- and dimethylation 
of H3K4 are unclear, it is proposed that they are involved in distinct “histone codes” to 
regulate cellular signaling.161 Given the complex and distinct functional role that 
methylated H3K4 has, non-natural modification on this residue may disrupt the 
recruitment of the effector proteins and lead to false cellular signal or blockage of the 
signal. The pyrrolone modification on H3K4 by DOB is expected to disrupt the 
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recognition by effector proteins of methylated H3K4 as the modification does not 
resemble any methylated form of lysine in terms of shape or charge. Moreover, the 
electrophilicity of the pyrrolone may result in a cross-link formation with any binding 
protein containing a nucleophilic residue in the binding pocket.  
The pyrrolone modification on the histone tail by DOB in the linker region may 
occur in the cells. Although the linker DNA usually binds with histone H1 in nucleosome 
arrays and higher-order chromatin structure, a recent model demonstrated by NMR 
reveals that histone H1 only interacts with the first 10-bp of the linker DNA that is next 
to the core domain.222 Therefore, position 159 that is 13-nt away from the core remains 
exposed upon histone H1 binding. Given the fact that antitumor drugs damage the 
unprotected linker region as efficiently as free DNA,172 it is highly likely that DOB will 
be produced within the linker region that is not protected by histone H1. The lesion 
transferred from DNA to the lysine residues on histone tails may contribute to the 
cytotoxicity of the drugs that produce the lesion. Therefore, the present study may 
provide insight into the mechanism of action of anticancer drugs. 
3.2.2.4 Other factors contributing to the accelerated DOB reactivity 
 DOB176 exhibited reactivity 46-fold faster than that in the corresponding free 
DNA. However, mutagenesis studies suggested that no histone tails interacted with this 
position in the linker DNA, implying that factors other than intranucleosomal interaction 
contributed to the accelerated DOB reactivity. We speculated that the random interactions 
between free histone octamer that is not bound with nucleosomal DNA and the DOB 
lesion could account for part of the increased reactivity at all positions (Figure 65A). To 





was monitored by SDS native PAGE. AP176 in the nucleosome underwent cleavage (t1/2 = 
352 h, Figure 66C) at similar rate as in the free 145 mer DNA (t1/2 = ~ 1000 h).27 
Although the decomposition rate was not measured in naked substrate 39, a previous 
study indicated that different sequences had little effect on the AP reactivity.27 Consistent 
with the slow decomposition rate, no DPC formation was observed from AP176. The 
above results indicated that there were no interactions between histone tails and position 




















 The oxidized abasic lesion DOB is produced by a variety of exogenous DNA 
damaging reagents including ionizing radiation and the enediyne family of anticancer 
antibiotics.9,58 The structure of DOB resembles that of C4-AP, which showed 
dramatically different reactivity and experienced greatly accelerated decomposition rate 
in NCPs.28 Furthermore, an unnatural histone modification on the tail resulting from the 
interaction with C4-AP in NCP was observed.28 
 Here we show that DOB reactivity is greatly increased when generated within 
precisely positioned NCPs. The half-life of DOB within the NCP varies slightly 
depending upon the site where it incorporated, but is on the order of minutes in all 
instances. The fastest decomposition rate is observed at SHL 1.5 (kDEC = 1.4 ± 0.2 × 10-3 
s-1, t1/2 = 8.5 min). Being more than 800-fold unstable than in free DNA, DOB is the most 
reactive abasic lesion as yet reported on in NCPs. Given the repair rate of AP in vivo and 
the fact that DOB inhibits the repair enzyme Pol ,18,223 the excision of DOB in NCPs 
likely competes with the BER of the lesion. The DOB reactivity within the linker region 
is slower than in the core domain of nucleosomes, but is still much faster than that of free 
DNA. The interactions of DOB in the linker DNA with the histone tails are partially 
responsible for its increased reactivity. However, the majority of the acceleration is 
unaccounted for. A transient DPC is formed as the intermediate during the excision of 
DOB in nucleosomes. This interaction of DOB with the histone tails leads to an unnatural 
modification of the lysine residues within the tail. Considering the significant roles that 
lysine residues on histone tails play in regulating gene expression, roles that lysine 
resides on histone tails play in regulating gene expression, such modification may disrupt 
99 
 
essential biological processes such as replication, transcription and DNA repair. The 
histone modification transferred from a DNA lesion may represent a new pathway 

























 Oligonucleotides were synthesized on an Applied Biosystems Incorporated 394 
oligonucleotide synthesizer. DNA synthesis reagents were purchased from Glen Research 
(Sterling, VA). Oligonucleotides containing DOB precursor (15) and AP precursor (22) 
were synthesized and purified as previously described.25,117 ESI-MS analysis was carried 
out on a LCQ-Deca Ion Trap. MALDI-TOF mass analysis was carried out on Bruker 
AutoFlexIII MALDI-TOF instrument. UPLC/MS analysis was carried out on an Acquity 
UPLC H-Class/Xevo G2 QTof from Waters equipped with analysis software MassLynx 
and Biopharmalyn. Reverse-phase HPLC separation of four histone proteins was carried 
out by Waters 515 HPLC Pump equipped with 2487 Dual  Absorbance Detector. All 
oligonucleotides were precipitated from 1.25 M ammonium acetate (pH 5.6) prior to 
analysis. Expression and purification of core histone proteins, as well as refolding and 
purification of the histone octamer, were carried out as previously described.216 The 
plasmids used for expression of WT histone proteins were a generous gift from Prof. 
Gregory Bowman (Department of Biophysics, Johns Hopkins Unversity). T4 
polynucleotide kinase, T4 DNA ligase, AccI, MseI, MspI and MluCI were purchased 
from New England Biolabs (NEB). Benzonase was from Sigma and was dissolved in 
water (1 U/L). -32P-ATP and -32P-cordycepin 5’-triphosphate were purchased from 
Perkin Elmer. C18-Sep-Pak cartridges were obtained from Waters. Amicon® Ultra 
Centrifugal Filters with different MWCO were purchased from Millipore. Quantification 
of radiolabeled oligonucleotides was carried out using a Molecular Dynamics 




General procedure for ligating long DNA strands without DOB precursor (15) from 
short oligonucleotides (40, 42, 43, 45, 47, 49, and 50). Chemically synthesized DNA 
oligonucleotides (typically 1.5-2 nmol, sequences shown in App. Figure 1) were 
enzymatically phosphorylated at their 5′-termini, each in a separate 100 μL reaction 
containing 1 × T4 DNA ligase buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 10 mM 
DTT, 1 mM ATP), and 50 U (5 L) of T4 polynucleotide kinase at 37 C for 4 h (Scheme 
shown in App. Figure 2). The phosphorylated oligonucleotides were mixed with the 
unphosphorylated 5΄-end oligonucleotides (1.5-2 nmol) and 1.2 equivalents of the 
corresponding splint strands and the hybridization was carried out by heating the 
resulting mixture at 95 C for 5 min followed by cooling slowly to room temperature. To 
the solution (200-400 μL) containing hybridized strands was added T4 DNA ligase (1600 
U, 4 μL) to conduct ligation at 16 C overnight. The DNA in the ligation reaction was 
extracted with phenol (equal volume) and precipitated from 0.3 M NaOAc pH 5.2. The 
ligated products were purified by 8% denaturing PAGE (acrylamide/bisacrylamide; 19:1, 
45% urea) and the desired bands were excised from the gel. After eluting the DNA from 
the gel in 1 mL elution buffer (0.2 M NaCl and 1 mM EDTA) at r.t. overnight, the slurry 
was filtered using a 10 mL Polyprep Column (BioRad). The solution was concentrated 
using tert-butanol to around 50 L and the DNA was desalted by ethanol precipitation 
and 70% ethanol wash once. The concentration of the ligated products was determined by 
the absorption at 260 nm. The extinction coefficients were provided by www.idtdna.com. 
General procedure for ligating DNA strands with precursor 15 from short 
oligonucleotides (41, 44, 46, 48, and 51). Chemically synthesized DNA oligonucleotides 
(50 pmol) were enzymatically phosphorylated by -32P-ATP (Scheme shown in App. 
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Figure 3) in a 50 μL reaction containing 1 × T4 polynucleotide kinase (PNK) buffer (70 
mM Tris-HCl pH 7.6, 10 mM MgCl2, 5 mM DTT), 40 μCi -32P-ATP, and 50 U (5 μL) 
of T4 PNK 37 C for 4 h. The reaction was stopped by heating at 95 C for 5 min 
followed by mixing with 100 pmol of the ODNs containing DOB and 200 pmol of the 
corresponding splint strands. The solutions were heated to 95 C for 5 min followed by 
slowly cooling to r.t. to carry out hybridization. T4 DNA ligase (800 U, 2 μL) was added 
to the solutions to carry out the ligation reaction. The desired products were extracted and 
purified in the same manner as described above. The obtained internally radiolabeled 
strands with DOB were quantified by UV absorption at 260 nm using disposable 
cuvettes. The extinction coefficients were provided by www.idtdna.com. 
General procedure for hybridization to afford requisite ternary complexes 
containing 15. The internally radiolabeled strands with DOB (typically 20-30 pmol) 
were mixed with 1.3 equivalent of the corresponding flanking and complementary 
strands. The resulting mixtures were heated to 95 C for 5 min and were allowed to 
slowly cool to r.t. A portion of the hybridized solutions was used for reconstitution with 
histone octamers to afford nucleosomes.  
General procedure for reconstitution of nucleosomes. Salmon sperm DNA (10 μg) 
and the ternary complexes containing DOB precursor 15 (~ 1 pmol) were combined in a 
small siliconized tube to a final volume of 10 μL containing 2 M NaCl. The appropriate 
amount of histone octamer (also in 2 M NaCl) was added and the sample (total volume 
around 12 μL) was incubated at room temperature for 30 min. The temperature was then 
decreased to 4 C in thermal cycler and the sample was incubated for an additional 30 
min before beginning a series of dilutions using nucleosome buffer (10 mM HEPES, and 
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1 mM EDTA, pH 7.5). Dilution # (volume in μL, incubation time in minutes): 1: 12, 60; 
2: 6, 60; 3: 6, 60; 4: 10, 30; 5: 10, 30; 6: 20, 30; 7: 50, 30; 8: 100, 30. After the final 
dilution (total volume 224 μL), the sample was incubated at 37 C for 2-4 h and then 
cooled to r.t. Any precipitate was pelleted via a brief (5 min) spin at 15,000 g. The 
supernatant was transferred to a fresh tube and a small aliquot was removed and 
subjected to analysis by nucleoprotein gel electrophoresis (6%, 
acrylamide/bisacrylamide, 59:1, 0.6 × TBE buffer, run at 4 C using 0.2 × TBE buffer) to 
determine the extent of reconstitution. All reconstituted nucleosome core particles were 
stored at 4 C until use. 
Hydroxyl radical footprinting of NCPs. NCP solutions obtained from reconstitution 
were concentrated using 10K Amicon concentration device. A portion of the concentrated 
NCP solution (8 L) was mixed with 10 L of the 2 × oxidation buffer (20 mM NaCl, 20 
mM sodium phosphate, pH 7.2, 2 mM sodium ascorbate, and 1 mM H2O2). The reaction 
was initiated by adding 2 L of 1 mM EDTA and 0.5 mM (NH4)2Fe(SO4)2•6H2O to the 
mixture (total volume = 20 L). The Fe (II) • EDTA cleavage reactions was carried out at 
r.t for 15 or 30 min, and the reaction was quenched by extraction of nucleosomal DNA by 
adding phenol (equal volumn) to the reaction. Following precipitation twice from 0.3 M 
NaOAc, the sample was subjected to 8% denaturing PAGE analysis 
(acrylamide/bisacrylamide; 19:1, 45% urea).  
General procedure for time course experiments monitoring the reactivity of DOB in 
nucleosomes. Reconstituted nucleosomes were used directly in these experiments 
without further purification or concentration (10 mM HEPES, 100 mM NaCl, 1 mM 
EDTA, pH 7.5). Nucleosomes containing DOB precursor were photolyzed for 5 min at 
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room temperature in the cavity of a Rayonet photoreactor equipped with 16 lamps that 
emit maximally at 350 nm, and immediately incubated at 37 °C for the duration of the 
time course experiment. Aliquots were removed at appropriate times, quenched with 
NaBH4 (final concentration is 0.1 M). The aliquot was subjected to phenol extraction 
(proteinase K digestion was avoided due to the difficulty of removing the enzyme), 
followed by precipitation twice from 0.3 M NaOAc pH 5.2. The pellet was resuspended 
in 1 × Cutsmart buffer (50 mM KOAc, 20 mM Tris-acetate, 10 mM Mg(OAc)2, 100 
g/mL BSA, pH 7.9) and 5 U of restriction enzyme (AccI for position 89, MseI for 
position 73, MspI for position 119, MluCI for position 159) prior to incubating at 37 °C 
for overnight. The reaction was digested with proteinase K (2 g/1L sample) for 5 min 
at r.t. and analyzed by 20% denaturing PAGE (acrylamide/bisacrylamide; 19:1, 45% 
urea). The gel was run under limiting power (50-55 W) until the xylene cyanol band 
migrated 2-inch from the bottom. For reactions carried out in the presence of NaBH3CN 
(final concentration 0.1 M), the reductant was added before photolysis. NaBH3CN was 
obtained from Aldrich (Cat #156159) and used without further purification. 
General procedure for time course experiments monitoring the reactivity of DOB in 
naked DNA. Internally radiolabeled ternary complex DNA (~ 1 pmol) was diluted to 224 
μL in the dilution buffer (10 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM EDTA). The 
solution was photolyzed at 350 nm for 5 min at r.t. and immediately incubated at 37 °C 
for the duration of the time course experiment. Aliquots were removed at appropriate 
times and quenched with NaBH4 (0.1 M). After precipitating twice from 0.3 M NaOAc, 
the DNA was treated with 5 U (0.5 L) of restriction enzyme (same as described above) 
at 37 °C for overnight. The samples were analyzed by 20 % denaturing PAGE 
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(acrylamide/bisacrylamide; 19:1, 45% urea). The gel was run under limiting power (50-
55 W) until the xylene cyanol band migrated 2-inches from the bottom. 
General procedure for detecting DPCs by SDS PAGE. Reconstituted nucleosomes 
containing DOB precursor were photolyzed at 350 nm for 5 min at r.t. and immediately 
incubated at 37 °C for the duration of the time course experiment. For samples incubated 
in the presence of NaBH3CN (100 mM), the reducing reagent was added prior to 
photolysis. Aliquots were removed at appropriate times and quenched with NaBH4 (0.1 
M). To the samples was directly added 4 × SDS loading buffer (400 mM Tris•HCl, 400 
mM DTT, 8% SDS, 40% glycerol) and analyzed by SDS PAGE (10% resolving 
acrylamide/bisacrylamide = 29:1, 5% stacking layer, 20 × 16 × 0.1 cm). The gel was run 
at 250 V until the bromophenol blue band migrated to the bottom.  
Preparation of large scale of NCP for mass spectrometry studies. Hybridized ternary 
complexes containing DOB precursor (2 nmol) were mixed with 1.0 eq. The procedure 
was the same as described previously.28 WT histone octamer in solution containing 2 M 
NaCl in a dialysis buttons with the final concentration of DNA being between 0.4 and 0.7 
mg/mL. The dialysis button was capped with dialysis membrane (3500 Da MWCO) and 
was then immersed in pre-chilled high reconstitution buffer (0.4 L, 2 M NaCl, 10 mM 
HEPES, pH 7.5, 1 mM EDTA) under constant stirring in a dialysis vessel at 4 °C. Two 
peristaltic pumps were used to continuously replace the high reconstitution buffer with 
low reconstitution buffer (2 L, 0.25 M NaCl, 10 mM HEPES, pH 7.5, 1 mM EDTA). 
Both peristaltic pumps were set to flow at a rate of 1.5 mL/min at 4 °C to maintain 
constant dialysis buffer volume in the flask where the dialysis buttons were. After 18 h, 
the nucleosomes were dialyzed against 400 mL of low reconstitution buffer for 3 h, 
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followed by further dialysis against buffer (0.1 M NaCl, 10 mM HEPES, pH 7.5, 1 mM 
EDTA) for 3 h at 4 °C. The sample was removed from the dialysis buttons and 
transferred to a siliconized tube. Following incubation at 37 °C for 2 h, any precipitate 
was pelleted via spinning at 15,000 g for 5 min. The supernatant was then transferred to a 
fresh siliconized tube and kept at 4 °C until use. An aliquot from the solution was 
removed (2 L, ~ 100 pmol) and subjected to 6% native PAGE analysis 
(acrylamide/bisacrylamide, 59:1, 0.6 × TBE buffer, run at 4 C using 0.2 × TBE buffer) 
to detect the reconstitution yields. The gel was stained by ethdium bromide and 
visualized by UV light.  
Determining the proteins(s) involved in cross-linking with DOB in NCPs. Following 
incubation of NCP containing DOB in the presence of 50 mM of NaBH3CN for optimal 
time intervals, the reaction was quenched by adding NaBH4 (final concentration 0.1 M) 
and subjected to 10% native SDS PAGE analysis (acrylamide/bisacrylamide 29:1, 20 × 
16 × 0.1 cm, 5% stacking layer. The gel was run at 250 V, 50 mA, 7 W until the 
bromophenol blue band migrated to the bottom.). The gel was soaked and shaken in 
ethdium bromide (1 g/mL) and visualized by UV light. Removal of ethdium bromide is 
not necessary. The DPC band was cut out and subjected to in-gel Lys C or in-gel trypsin 
digest following acetylation, whose procedures were described below.  
RP-HPLC separation of modified histone. The nucleosome (2 nmol) containing DOB 
precursor was incubated at at 37 ºC for 3 h following brief photolysis at 350 nm for 10 
min. The nucleosomal DNA was digested by adding 1 μL (250 units) of benzonase and 
1/10th volume of 10 × benzonase buffer (500 mM Tris•HCl, pH 8.8, 100 mM MgCl2, 200 
mM NaCl), followed by incubation at 37 ºC for 30 min. The sample was passed through a 
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0.22 μm filter (Millipore) and injected into the RP column directly. The RP-HPLC 
separation of histones was carried out using an Aquapore RP-300, C8, 7 μM, 300 Å, 220 
× 4.6 mm column (From Perkin Elmer, catalogue No. 83937256). The linear gradient is 
0-5-10-20-80-100 min, B%: 0-0-35-35-45-60. Solvent A: 5% MeCN containing 0.1% 
TFA. Solvent B: 90% MeCN containing 0.1% TFA (V/V), flowrate: 0.8 mL/min, room 
temperature.28 The retention times for H2B, H4, H2A and H3 are 65.6, 71.8, 76.6, 93.8 
min, respectively. The histones were collected separately and lyophilized to dryness. The 
residue was dissolved in 50 μL water, from which 15 μL was removed and analyzed by 
UPLC-MS/MS. 
In-gel acetylation and trypsin digestion of histone proteins. The procedure is the same 
as described previously.28 (Step 1) Separation of histone proteins by SDS native PAGE. 
Following incubation of the NCP containing DOB at 37 ºC for 3 h, nucleosomal DNA 
was digested by mixing the solution with 1 μL (250 units) of benzonase and 1/10th 
volume of 10 × benzonase buffer (500 mM Tris•HCl, pH 8.8, 100 mM MgCl2, 200 mM 
NaCl). The mixture was incubated at 37 ºC for 30 min prior to subjecting to 15% native 
SDS PAGE. The running conditions were at 250 V, 50 mA, 7 W (initial conditions) until 
the bromophenol blue band migrated to the bottom.) After staining using Coomassie blue 
(50 mL of 1:3:6 (v:v:v), HOAc/iPrOH/H2O with 0.5% (w/v) Commassie blue for 10 min) 
and destaining (50 mL × 3 times (20-30 min each time), 50:165:785 (v:v:v), 
HOAc/MeOH/H2O), the desired histone protein (H3 or H4) band (typically 10 × 3 × 1 
mm) was excised from the gel and cut into small pieces (around 1 mm2) using a scalpel, 
and placed into a 0.5 mL siliconized tube. (Step 2) Destaining gel pieces. H2O (200 μL) 
was added to the tube and shaken for 5 min at 25 °C. After removing the supernatant 
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using a pipette, 50 mM NH4HCO3/50% acetonitrile (200 μL) was added and the mixture 
was shaken for 30 min. The supernatant was removed and this washing step was repeated 
until the gel pieces were clear. (Step 3) Dehydrating gel pieces. The gel was rinsed with 
200 μL water 2 times prior to the addition of acetonitrile (100 μL). The mixture was 
shaken for 5 min. The supernatant was removed and the acetonitrile washing step was 
repeated. After removing the supernatant, the gel pieces were dried under vacuum for 5 
min. (Step 4) Acylation. A mixture of acetic anhydride (5 μL) and 0.1 M NH4HCO3 (10 
μL) was added to the gel pieces. The mixture was gently mixed using a pipette tip with 
the lid open. Following addition of 35 μL 0.1 M NH4HCO3, the pH of the mixture was 
adjusted to 7-8 (determined by pH paper) using concentrated NH4OH. After incubating at 
37 °C for 30 min, the supernatant was removed and the gel pieces were washed three 
times with water (200 μL). (Step 5) Steps 3 and 4 were repeated. (Step 6) In-gel digestion 
of histone. The gel pieces were hydrated in the same manner as described in step 3 and 
placed on ice. A mixture containing 50 mM NH4HCO3 (10 μL) and 0.2 μg/μL trypsin (1 
μL) for each sample was prepared on ice, which was immediately added to the gel pieces. 
The resulting mixture was incubated on ice for 5 min, followed by the addition of 50 mM 
NH4HCO3 (40 μL). The in-gel digestion was carried out by incubating the mixture at 37 
°C for 12-16 h. (Step 7) Formic acid extraction of peptides from gel. The supernatant was 
transferred to a clean siliconized tube. The gel pieces were washed with 50 μL of each of 
the following solutions in the order indicated, and the sample was shaken for 10 min at 
each step: 1, 50 mM NH4HCO3; 2, 50% acetonitrile/25 mM NH4HCO3; 3, 5% formic 
acid; 4, 50% acetonitrile/2.5% formic acid; 5, pure acetonitrile. The supernatants from 
each step was combined and dried under vacuum. To the residue was added 200 μL of 
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water and the solution was dried under vacuum again. The sample was finally dissolved 
in 0.1% TFA (10 μL), from which 1 μL was mixed with 1 μL of α-cyano-4-
hydroxycinnamic acid solution (10 mg/mL in 0.1% TFA/50% acetonitrile) and analyzed 
by MALDI-TOF MS. Another portion of the solution (15 μL) was analyzed by UPLC-
MS/MS, which was carried out on an Acquity UPLC HSS T3 Column, 100Å (1.8 m, 
2.1 mm × 100 mm, from Waters) set at 35 ºC. Buffer A is water, Buffer B is MeCN, 
Buffer C is 1% formic acid. Gradient: 0-1-36 min, B from 5%-5%-40%, keep C at 10% 
constantly with flow rate of 0.3 mL / min. Mass spectra were acquired in positive ion 
mode with MSE using a capillary voltage of 3 kV, a sample cone voltage of 30 V and an 
extraction cone voltage of 4 V. The cone gas flow was set up to 30 L/h and desolvation 
gas flow was 800 L/h. Desolvation temperature and source temperature were set to 400 
and 150 °C, respectively. The acquisition range was m/z 100-3000. The scan acquisition 
rate was 10 Hz. The LC-MS system was operated by the Biopharmalyn software. 
In-gel Lys C digestion of histone proteins. The procedure was the same as in-gel 
trypsin digest except the acylation step was skipped. Briefly, 0.1 g of Lys C was added 
to the gel following destaining and dehydrating processes and the mixture was incubated 
at 37 °C for 12-16 h. The digested peptide mixture was eluted as described above, from 
which 1 L was mixed with 0.5 μL of α-cyano-4-hydroxycinnamic acid (CHCA) solution 
(10 mg/mL in 0.1% TFA/50% acetonitrile), and analyzed by MALDI-TOF MS. Another 
portion of the sample (15 μL) was analyzed by UPLC-MS/MS. The column and 
separation conditions were the same as mentioned above. 
Thermolysin digestion of histone proteins in solution. Histone protein from RP-HPLC 
purification was mixed with thermolysin (Sigma) in a buffer containing 50 mM 
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NH4HCO3 and 1 mM CaCl2. The final protein concentration should be > 5 g/100 L 
and thermolysin concentration should be > 1 g/100 L. The thermolysin/H4 
(mole:mole) ratio should be between 1/50 to 1/10. The resulting mixture was incubated at 
37C for 4 h. The reaction was then quenched by the addition of TFA (final concentration 
was 1%). A portion (1 L) of the solution was removed and mixed with with 1 L of -
CHCA solution (10 mg/mL in 0.1% TFA/50% acetonitrile), from which 1 L was 
subjected to MALDI-TOF analysis. For UPLC-MS analysis, the sample was passed 
through 0.22 m filter (Millipore) prior to the injection into UPLC-MS. The column used 
for UPLC-MS and the separation conditions were the same as described above.  
Procedure for time course experiments monitoring the reactivity of AP in 
nucleosomes. Nucleosomes containing AP precursor were photolyzed at 350 nm for 10 
min at r.t. and immediately incubated at 37C for the duration of the time course 
experiment. Aliquots were removed at appropriate times and quenched by the addition of 
NaBH4 (0.1 M final concentration). The samples were analyzed by SDS PAGE (10% 
resolving acrylamide/bisacrylamide = 29:1, 5% stacking layer, 20 × 16 × 0.1 cm). The 
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(S1) ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA 
(S2) GAC TAG GGA GTA ATC CCC TTG GCG GTT AAA ACG CG 
(S3) GGG GAC A 
(S4) GGG GAC AGC GCG TAC GTG CGT TT 
(S5) CTC CCT AGT CTC CAG GCA CG 
(S6) CGC TGT CCC CCG CGT TTT AA 
(S7) GGG GAC AGC GCG TAC GTG CGT TTA AGC GGT GCT AG 
(S8) AGC TGT CTA CGA CCA ATT  
(S9) GTA GAC AGC TCT AGC ACC GC 
(S10) AGC TGT CTA CGA CCA ATT GAG CGG CCT CGG CAC CGG GAT TCT GAT  
(S11) GCT AGA TCT AGA CTC TCT CCT TGT ACT AAC GCG GAG TAG CGT ACG A 
(S12) ATA CAT CGA TTC GTA CGC TA 
(S13) GAA CCG CTC GAG C 
(S14) GAA CCG CTC GAG CTC TGT CCT TTT GGG AAT 
(S15) CGA GCG GTT CAT CAG AAT CC 
(S16) ATC AGA ATC CCG GTG CCG AGG CCG CTC AAT TGG TC 
(S17) GTA GAC AGC TCT AGC ACC GCT TAA ACG CAC 
(S18) GTA CGC GCT GTC CCC CGC GTT TTA ACC GCC AAG GG 
(S19) GAT TAC TCC CTA GTC TCC AGG CAC GTG TCA GAT ATA TAC ATC GAT 
(S20) AGC TGT CTA CGA CCA ATT GA 
(S21) GGG GAC AGC GCG TAC GTG CGT TTA AGC GGT GCT AG 
(S22) GGG AGT AAT CCC CTT GGC GG 
(S23) TAC TAC GTC TAG CGA TAA TTC CCA AAA GGA CAG AGC TCG AGC GGT TC 
(S24) GGA TTC TGA TGA ACC GCT CG 
(S25) TCG TAC GCT ACT CCG CGT TAG TAC AAG GAG AGA GTC TAG ATC TAG C 
(S26) TAG CGT ACG AAT CGA TGT AT 
(S27) X73CG CGT ACG 
(S28) TGC GTT TAA GCG GTG CTA G 
(S29) GTA GAC AGC TCT AGC ACC GCT AAA ACG CAC GTA CGC GCT GTC CCC CGC       
     GTT TT 
 X89AG CGG TGC TAG 
 X89TG CGG TGC TAG 
 X119AG CGG CCT CGG  
 CAC CGG GAT TCT GAT             
 X159CT GTC CTT 
 TTG GGA ATT ATC GCT AGA CGT AGT 


















App. Table 1. Calculated and observed fragmentation patterns for peptides in Figure 46, 
and Figure 57C. 
 
                   Cal.                 Found                                                Cal.           Found 
Figure 46A. Fragment 9-16 (K12 mod.)             Figure 46B. Fragment 20-23 (K20 mod.) 
y3          275.1705            275.1719                            a1*       167.1184      167.1185 
y4          332.1940            332.1934                            a2*       266.1883      266.1869 
y5*        526.3082            526.2990                            y1         175.1187      175.1195 
y6*        583.3234            583.3204                            y2         288.2024      288.2036 
y8*        753.4224            753.4259                            y2-NH3 271.1775      271.1770 
                                                                                    y3         387.2707      387.2720 
                                                                                    y4*       581.3762      581.3775 
Figure 57C. Fragment 3-8 (K4 mol.) 
y1          175.1207            175.1195 
y2          246.1653            246.1666 
y4          475.2625            475.2629 



























sites. The method will be generally useful for probing DNA-protein interactions 





















arginine is inserted into most of the minor grooves that face toward the histone octamer 
(Figure 5B).5,35 Such interactions are attributed to the narrowed minor grooves resulting 
from the A-tract or AT-rich sequences.36 Moreover, these interactions play an important 
role in stabilizing the deformed DNA structure resulting from the histone binding.37 The 
binding affinity is not equal within the 14 interaction sites. The DNA fragments, 
especially ~20 bp from the ends (Figure 5A), bind the histone octamer more loosely, 
whereas the interactions around the dyad position are the strongest.32 
  The interactions between the globular core of the histone octamer and the 
underlying DNA are in part regulated by a number of modifications within the core 
domains of the histone proteins. Although the N-terminal histone tails serve as the main 
target of functionally important post-translational modification, a variety of modifications 
occur in the globular core of the histone octamer.9 Mapping these modifications onto the 
nucleosome structure identifies a number of modifications including phosphorylation on 
serine and threonine, lysine and arginine methylation, and lysine acetylation lying on the 
contacting surface of DNA and octamer (lateral surface) to form a track that follows the 
path of nucleosomal DNA around the histone octamer.9,38 The presence of the 
modifications on the nucleosome lateral surface indicates that they could play a direct 
role in the stability of nucleosome positioning by interfering with histone-DNA or 
histone-histone interactions within the nucleosomes.9 For instance, the clustered 
modifications on the second loop of H2A (K74, K75, and R77) occur at the sites that 
directly contact DNA (Figure 6).38 Modifications are found at two contact points between 
histone H2B and DNA. The first cluster (K31, S33, and K40) resides close to the N-





2.1.2 The importance of interactions between histone tails and nucleosomal DNA 
Despite the lack of a defined crystal structure of the N-terminal tails of histone 
proteins in the nucleosomes, several lines of evidence indicate that histone tails interact 
with the nucleosomal DNA. A free peptide with the sequence of the N-terminal domain 
of histone H4 binds DNA with high affinity due to its high proportion of basic amino acid 
residues.43  Nuclear magnetic resonance (NMR) experiments provide support for the 
occurrence of such interactions in the nucleosomes. 13C NMR spectra indicate that part of 
the N-terminal tails from H2A, H2B, and H3, as well as the entire H4 tail, are bound 
within isolated NCPs or chromatin at low ionic strength conditions and are released and 
mobile under moderate concentrations of salt (0.3-0.4 M).44-47 Biochemical studies also 
reveal that several amino acid residues within the tails are protected from chemical or 
enzymatic modification under low salt concentrations.48,49 Circular dichroism (CD) 
results show that N-terminal tails from H3 and H4 are highly organized and bound with 
DNA in the nucleosomes.50 However, the question of whether histone tails contact 
randomly with proximal nucleosomal DNA or interact with a specific region of the DNA 
remains elusive. Several cross-linking experiments indicate that the tails make localized 
interactions with DNA. In isolated nucleosomes, the tips of N-terminal tails from H2A 
contact with DNA at two specific sites that are approximately 5 bp apart in the region that 
is around 40 bp from the dyad position (SHL ± 4).51 The DNA region where H2A 
interacts is consistent with the crystal structure that shows that the N-terminal tail of H2A 
protrudes from the minor groove of DNA at around SHL 4.0 (Figure 8).3,5 However, the 
interacting region is relatively localized considering the length (15 amino acid residues) 




dimer of an adjoining nucleosome is required.56 Cross-linking experiments reveal that the 
H3 tail domain is involved in multiple interactions in the folding of nucleosome arrays 
into the secondary structure of chromatin (30-nm fiber). The majority of the H3 tail 
(80%) interacts with other nucleosomes within the same array, whereas the rest of the H3 
tail (20%) provides bridging interactions between arrays (interarray interaction).57 
Removal of all the N-terminal tails from histone proteins abolishes the ability of 
nucleosome arrays to assemble into 30-nm chromatin fiber.58 The addition of the tails 
from H2A/H2B or from H3/H4 did not reverse the effect.59 Furthermore, the association 
of the secondary chromatin structure (30-nm fiber) to form oligomeric tertiary chromatin 
structures also requires the presence of histone tails.60 The nucleosome arrays that lack all 
histone tails do not oligomerize to form higher-order chromatin structures.59,60 Arrays 
with tails from either H3 or H4 retain the ability to oligomerize but require much higher 
concentrations of divalent cation (Mg2+) as compared to arrays with WT proteins.61 In 
contrast, arrays containing only the tail from H2A or H2B were incapable of 
oligomerization.61 More mutagenesis studies using different combinations of tailess 
histone proteins suggest that the function of the histone tails in oligomerization is 
independent and additive, indicating that all the tails from the four histone proteins are 
necessary for the regular assembly of higher-order chromatin structure under 
physiological conditions.61 The above data illustrate that the folding and oligomerization 
of chromatin fibers involves both intra-array and interarray nucleosome-nucleosome 
interactions and are consistent with the hypothesis that each of the histone tails 
accomplishes multiple but distinct functions during chromatin condensation.7 
2.1.3 The dynamic nucleosome structure 
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In addition to playing a crucial role in the assembly of the chromatin structure, the 
histone tail domains are primary determinants of chromatin fiber dynamics.7 Nucleosome 
structures are dynamic and undergo conformational transitions that are important in in 
vivo biological processes as most DNA-binding factors require undistorted DNA 
structure for binding.62,63 Indeed, the DNA binding sites that are inaccessible in the 
nucleosome structure are exposed at sufficiently rapid rates and allow access to the 
physiologically significant DNA-binding activity.64,65 Site exposure in nucleosomal DNA 
requires decondensation of the compact chromatin structure, as well as high mobility of 
nucleosomes. Histone tail domains play regulatory roles in both processes through 
various mechanisms that have evolved in eukaryotes. In addition to the modifications in 
the globular domain of the histone octamer that manipulate the histone-DNA interaction 
(See section 2.1.1), post-translational modifications on the N-terminal tails of histone 
proteins also regulate the accessibility of the underlying DNA (See chapter 1 section 
2.3.1.3). For instance, acetylation on the histone tails is usually associated with the open 
forms of chromatin and transcriptionally active genes.66,67 Studies of the acetylation on 
individual histone tails suggest that more intricate mechanisms than shielding the positive 
charges carried by the tails are involved in the process.68 A single acetylation on the 
histone H4 tail (H4K16, See chapter 1 section 2.3.1.3.1) inhibits the assembly of 
nucleosome arrays into 30-nm fibers. The effect is identical to truncating the entire N-
terminal tail from H4.69 In another study where lysines were mutated to glutamine to 
mimic acetylation, the mutated H2A tail can either facilitate or inhibit self-association of 
nucleosome arrays, depending upon the acetylation state of the other tails and the length 
of nucleosome arrays.70 Therefore, it is likely that acetylation on specific sites regulates 
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the histone-DNA interactions at a different level of chromatin structure. Although the 
exact mechanism of how acetylations affect chromatin structure is unclear, it is proposed 
that this modification may function as an epigenetic marker recognized by effector 
proteins,71,72 and/or directly alter chromatin structure by changing the conformation of the 
histone tails to affect histone tail interactions with DNA and protein targets.2,69 An 
alternative mechanism through which histone tails influence chromatin structure is to 
directly affect the dynamic properties of nucleosomes.73 Genome-wide scale truncations 
of H3 lead to constitutively active genes.74 Similarly, the H2B tail is required for the 
transcriptional repression of a large subset of the yeast genome.75 In isolated 
nucleosomes, truncating all histone tails leads to a 1.5 to 14-fold increase in the sliding of 
nucleosomal DNA with respect to the histone octamer (nucleosome mobility).76 
Nucleosome mobility usually increases upon heating, leading to different positionings of 
nucleosomal DNA with respect to the histone octamer (thermal nucleosome 
repositioning/redistribution). Mutagenesis studies in which individual histone tails are 
truncated indicate that different histone tails have distinct effects on thermal nucleosome 
redistribution.73 The tail from H2A decreased the nucleosome mobility, whereas tails 
from H2B and H4 facilitate the process of nucleosome sliding.73 The conflicting 
functions of H2B observed in isolated nucleosomes and in a genome-wide study indicate 
that the histone tails may play different roles in nucleosomes, nucleosome arrays, and 
chromatin fibers. Deletion of the H3 tail causes a greater number of H2A/H2B dimers to 
dissociate from the nucleosome.73 This result is consistent with the observation from a 
genome-wide study that H3 tails are required for repressed chromatin state.74  
2.1.4 Tail-DNA interactions affect the reactivity of DNA lesions in nucleosomes 
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The reactivity of DNA abasic lesions within nucleosomes is greatly increased due 
to the high content of lysine residues in the histone tails and the constant histone tail-
DNA interaction, (See Chapter 1 Section 2.3.2.2 and Section 3).15,77 Strand scission at 
AP, C4-AP is as much as 100-fold and ~550- fold faster in NCP compared to free DNA, 
respectively. The excision of DOB is accelerated up to ~1500-fold in NCP as compared 
to free DNA.78,79 L experiences the least acceleration of strand cleavage among all the 
abasic lesions in NCP, but is still up to ~43-fold more reactive as compared to free  
 
DNA.80 In catalyzing the strand scission at the sites where the abasic lesions are 
generated, histone tails not only provide a lysine residue to form a Schiff-base as the 
intermediate with the lesions (AP, C4-AP, and DOB), but also facilitate the following -
elimination (L, AP, C4-AP, DOB) by serving as a base to abstract an -proton.15 
Moreover, the lysine residues are modified as a result of reacting with C4-AP and DOB.16 
This unnatural modification may disrupt cellular signaling and have significant effects on 
regulating gene expression (See chapter 1 section 3). However, it is impossible to rank 
the contribution of individual amino acids to the reaction with abasic sites due to the 
transient and reversible nature of the intermediate (Schiff-base). This in turn makes it 
difficult to postulate any possible connections between DNA lesion mediated histone 
modification and transcriptional regulation.  
2.1.5 Probes are needed for detecting histone tail-DNA interactions 
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As described above, the interactions of histone tails play crucial roles in various 
biochemical processes including assembly of different levels of chromatin structure, 
modulation of the DNA accessibility within the nucleosome, and the reactivity of DNA 
lesions. Despite the importance of the histone tails, their structures are not defined in any 
of the available crystal structures on the nucleosome due to multiple conformations that 
the tail domains adopt in the crystals.2 Surprisingly, no evidence for the histone tails 
interacting with nucleosomal DNA was observed in the crystal structure, which is 
presumably attributed to the high, nonphysiological concentrations of divalent metal ions 
required for the crystallization.7 The absence of details on the interactions of histone tails 
greatly hinders the understanding of the biological processes in which the histone tails 
participate. Therefore, elucidation of all the processes mediated by histone tails still 
awaits clear definition of tail interactions within nucleosomes.   
2.2 Detecting for DNA-protein interactions 
Biomacromolecules such as DNA and proteins never act alone. Most of the 
actions in biology occur when molecules interact with one another. Protein-DNA 
interactions dictate numerous fundamental processes including replication, transcription, 
and DNA repair.81 Structure elucidation greatly facilitates understanding diverse 
functions of proteins that interact with DNA.82 Various methods have been applied to 
identify and provide detailed insights into the structure of protein-DNA complexes.83 
2.2.1 Structural analysis using instrumental and non-covalent analysis 
Instrumental method development greatly advances the understanding of DNA-
protein interactions by providing unprecedented structural details. X-ray diffraction 
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analysis represents one of the most powerful tools to study DNA-protein interactions. 
The last two decades have witnessed a great expansion of high-quality structures of 
DNA-binding proteins.84 These structures elucidate DNA-protein interactions involved in 
numerous biological processes, such as replication,85 transcription,86 DNA damage repair 
and bypass,87-90 and DNA compaction into chromatin.3,4,91 For instance, the high-
resolution crystal structure of the NCP revealed the precise structural parameters of the 
DNA3 and provided the structural basis for various characteristics of nucleosomes, such 
as nucleosome dynamics4,5 and the sequence-dependence of histone octamer binding with 
DNA duplexes.4 The first crystallographic model of a tetranucleosome provided insights 
into the structural details on nucleosome array.91 It not only clarified the conformation of 
linker DNA, but also revealed nucleosome-nucleosome interactions. However, the 
isolation and crystallization of DNA-protein complexes is not always successful, which 
limits its application.17 Strategies have been developed to overcome this disadvantage.17  
Whereas X-ray diffraction captures structural snapshots of DNA-protein 
interactions, the dynamics of protein-DNA complexes in solution are usually investigated 
by NMR spectroscopy.92-94 The interactions between DNA and proteins alter the 
chemical environment, thus causing changes in chemical shifts in the spectra as 
compared to unbound molecules. However, NMR analysis is usually incompatible when 
multisubunit complexes are involved in the interactions and/or the dynamic processes are 
accompanied with significant change in the structure of the complexes.83 Other methods 
such as electron microscopy95, circular dichroism (CD),96 atomic force microscropy 
(AFM)97 and optical tweezers98 also afford valuable information on the structures and 




membrane is developed and protein bands with radiolabel or fluorescence are proteins of 
interest (Figure 9).83 The information on proteins’ molecular weight is limited due to the 
low resolution of SDS-PAGE. Therefore, various techniques such as 2-D gel, on-blot 
digestion of DNA-bound protein followed by LC-MS/MS analysis are coupled with 
southwestern blotting to assist the identification of DNA-bound proteins.106,107 However, 
the dependence of the method on SDS-PAGE makes it impossible to detect DNA-bound 
proteins with multiple subunits because of the denaturing conditions.83  
2.2.2 Detecting DNA-protein interactions by forming DNA-protein cross-links 
Due to the transient nature of DNA-protein interactions, trapping the interaction 
via DNA-protein cross-link formation overcomes the limitations of methods relying on 
non-covalent contacts and finds wide application in studying DNA-protein interactions 
involved in various biological processes.17,20 Chemical cross-linking methods convert 
non-covalent interactions into stable covalent bonds. The fused molecules withstand 
denaturing conditions and thus enable the characterization of various forms of DNA-
protein complexes that are otherwise labile in the absence of covalent bonds. Coupling 
chemical cross-linking methods with mass spectrometry allows identification of the 
protein subdomain and even particular amino acids interacting with specific DNA 
fragments in DNA-protein complexes. The cross-linking methods can be divided into two 
categories based on the use of non-specific reagents or selective introduction of reactive 
groups into proteins or DNA.  






into the binding site of the DNA-RNA polymerase complex by probing the distance from 
interacting DNA nucleotides to the binding protein using the arylazide attached to dU 
(AB-dU, Figure 12B) and varying the chain lengths between the amide group and the 
arylazide.120 The DPCs were not quantified in the above study, but the cross-linking 
yields were estimated to be <10% from the primary data provided in the reports. Another 
arylazide dC derivative (FAB-dC, Figure 12B) is also used to elucidate enzymes involved 
in the base excision repair (BER) pathway.121 A DNA complex containing a nick to 
mimic the cleavage of an AP site by APE1, and an adjacent FAB-dC was designed to 
study the enzymes involved in the pathway.121 The electron-withdrawing groups on the 
benzene ring help stabilize the nitrene, which can improve the DNA-protein cross-link 
yield. Upon UV-irradiation, the DNA complex cross-linked to six proteins in mouse 
embryonic fibroblast (MEF) crude extract.121 Four of these proteins are members of the 
BER machinery: APE1, Pol , FEN-1, and poly(ADP-ribose) polymerase-1 (PARP-1). 
This result confirmed the role of PARP-1 as a nicked DNA sensor, and the higher amount 
of cross-linked PARP-1 indicated that the enzyme interacts most avidly with DNA nicks 
produced by APE1. The cross-linking yields were never mentioned in the study, and it is 
not possible to estimate from the primary data provided.121 Alternatively, the arylazide 
group can be incorporated into proteins, which also form cross-links with bound DNA 
upon irradiation.122,123 This method was applied to investigate nucleosome remodeling by 
the imitation switch complex ISW2.122 A point-mutated cysteine was first introduced in a 
recombinant histone octamer, and the cysteine was modified with an arylazide group by 
taking advantage of the facile reaction between cysteine and p-azidophenacyl bromide 





(5) or N2 of dG (6) in a DNA duplex in the attempt to improve the cross-linking yield 
produced by the carbene species.22 Good to excellent yields of cross-linking were 
achieved (40-75%) with two different proteins including a non-specific DNA binding  
 
protein adenine methyltransferase (EcoDam), and human O6-alkylguanine-DNA 
alkyltransferase (hAGT). A mismatched nucleotide was incorporated as the opposing 
nucleotide to 5 for better recognition and binding of the proteins. The cross-linking yields 
varied with the identity of the mismatched nucleotide. The reason for the inconsistent 
yields is not clear, suggesting that optimization by varying opposing nucleotides may be 
necessary for different DNA-protein interacting systems to achieve good DPC yield.22 
DNA containing benzophenone (BP) represents another class of photoaffinity 
probes. The advantages of BP include its higher stability than arylazide and diazirines, 
and the preferential reaction of unreactive C-H bonds even in the presence of H2O.126  
Scheme 2. Generation of DPCs from photolysis of BP. 
 
Absorption of a photon at ~350 nm results in an excited triplet state. The electron-




that of a methyl group (2.0 Å), so that bromouracil (BrdU, Figure 15B) is comparable to 
thymine in size. Irradiation cleaves the carbon-halogen bond homolytically and produces 
the radical that reacts mainly with the aromatic side chains of amino acids including 
tryptophan, tyrosine (Figure 15A), and histidine.129,130 Commonly used halogen 
nucleotide derivatives include BrdU, 5-iododeoxyuridine (IdU), 5-iododeoxycytidine 
(IdC, Figure 15B). They have been widely used in studying transcription factor 
binding,131,132 HIV-1 integrase,133,134 the repair protein MutS135, the bacteriophage coat 
protein136, and so on. The cross-linking yields varied dramatically from <5% (estimated 
from the primary data)132 to 94%136 in different systems. The main disadvantage of 
halogen compounds is the shorter irradiation wavelength (308 nm for bromo derivatives 
and 325 for iodo derivatives)129 than that required for arylazide, benzophenone, and 
diazirine, making them a less favorable photocross-linking method.    
Modified nucleosides in which the exocyclic oxygen is substituted with a sulfur, 
such as 4-thiodeoxyuridine (4-SdU, Figure 15B), have a high reactivity and minimum 
structural change in DNA. This makes them attractive candidates for probing DNA-
protein interactions.129 The mechanism of 4-SdU cross-linking with proteins is not well 
understood, although the reactivity is attributed to the excited state of thioxo upon 
irradiation at ~350 nm.129,137 Thioxo derivatives including 4-SdU have been successfully 
used in the studies of TAR RNA binding to the Tat-protein of HIV-1,138,139 the 
ribozyme,140 the Rev protein of HIV-1 (a glutathione S-transferase fusion protein)141 and 
transcription factor binding.142 The varied DPC yields (from 4% to >70%) generated by 
4-SdU suggests that the correct juxtaposition of the base with appropriate amino acid side 





vinylsulfonamide-modified dC into the DNA region where the binding of tumor-
suppressor protein p53 occurred (Figure 17).25 The reaction between the Cys side chain in 
the binding pocket and vinylsulfonamide readily afforded DNA-protein cross-links in 
good yields (48%). Mutagenesis studies confirmed the cross-linking took place on key 
Cys residues within the binding region, indicating the specificity of the reaction.25 
However, the requirement of a Cys residue on the binding surface of the protein limits its 
application. In addition, -iodoacetamide is used as an electrophile to cross-link with 
proteins containing a Cys at the binding site. Reed et al. incorporated an iodoacetamide 
group at the 5’-end of a 16 mer DNA (IA-ODN) strand through an amino group, and 
showed that the modified strand effectively cross-linked with thiol-containing peptides.146 
 
The nucleophilic attack from the side chain of Cys on the iodoacetamide readily 
generates DPC in moderate yields (~25%).146 Borisova et al. incorporated iodoacetamide 
at the 2’ position of dU (IA-dU), and demonstrated that it cross-linked with a thiol-
containing subunit of human transcription factor NF-B in moderate yields (21-25%).147 
The facile reaction (15 min to reach the maximum yield) makes this method balanced 
between selectivity and reactivity.147 However, the instability of the iodoacetamide-
containing DNA probe is the inherent disadvantage of the method.146 The side chains of 
Lys and His also react with iodoacetamide, albeit at a much lower rate, which is 
uncompetitive with thiols.147 The reaction between an aldehyde group and the side chain 
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of Lys followed by the stabilization of the resulting Schiff-base in the presence of a 
reducing agent is also useful for trapping DNA-protein interactions (Scheme 3). This 
strategy was of great value in identifying unknown glycosylases,148,149 pinpointing their 
active site nucleophiles,150 and probing the catalytic mechanisms. In all cases the abasic 
lesions provided the reactive aldehyde group.151-154 Alternatively, the reactive aldehyde 
group can be generated from oxidation  
Scheme 3. Trapping DNA-protein interactions via Schiff-base formation.  
 
of a diol. Wickramaratne et al. successfully used this strategy to produce DPCs with a 
variety of Lys-containing proteins.155 However, the general disadvantages of this method 
involve the reversibility of Schiff-base formation and the long reaction time (usually 
overnight). 
2.3 DNA interstrand cross-link formation by a modified nucleotide 
 DNA interstrand cross-links (ICLs) are one of the most deleterious DNA lesions 
because they are absolute blocks to replication and transcription.156 The cytotoxicity of 
various anticancer drugs, such as mitomycin C, nitrogen mustards, cisplatin, and psoralen 
stems from their ability to produce ICLs.157 Our group has developed a modified 
nucleotide containing a phenyl selenide group at the C5 of thymidine. It forms a DNA 
interstrand cross-link upon either photolysis or under mild oxidation conditions (Scheme 
4). Two mechanisms involving distinct reactive intermediates are proposed for the ICL 
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formation under both conditions. The electrophilic nature of the reactive species (2) 
produced upon oxidation of 1 can potentially be used in probing DNA-protein 
interactions.  
Scheme 4. ICL formation from 1 upon oxidative or photolysis conditions.  
 
2.3.1 ICL produced from the oxidation of 1  
 Aerobic photolysis of 1 in the presence of the singlet oxygen sensitizer, Rose 
Bengal, in duplex DNA produced ICLs in as high as 48% yield.158 The disappearance of 
1 as a monomer depended on D2O content, suggesting that singlet oxygen which has a 
half-life that is 10-fold longer in the deuterated solvent is responsible for the consumption 
of 1.158 Phenyl selenides are readily oxidized to selenoxides by singlet oxygen. The  




allylic selenoxide (7) resulting from oxidation of 1 undergoes a [2,3] sigmatropic 
rearrangement. Hence, an electrophilic intermediate (2) is proposed to form en route to 
ICL formation (Scheme 5).158 Besides singlet oxygen, NaIO4 as a mild oxidant should 
induce ICL formation by producing 2 through the same mechanism. Upon the addition of 
NaIO4, monomer 1 was completely consumed within 10 min. NMR analysis of the 
reaction indicated the formation of a diastereomeric mixture of electrophilic intermediate 
2. Consequently, ICLs were also formed in duplex DNA containing 1 upon NaIO4 
treatment.158 The cross-link in which the C5 methylene group of T bonded to the 
exocyclic N6 of dA (9) was isolated.159 However, it was postulated that 9 resulted from 
the rearrangement of an initially formed adduct (8) in which N1 of dA connected to the 
C5 of T (Scheme 5). Several lines of evidence supported the rearrangement from 8 to 9. 
The initially formed adduct was determined by taking advantage of the reversible nature 
of the dA adduct at the N1 position.160 The crude cross-linked DNA decomposed steadily 
and followed first-order kinetics in the presence of NaN3 acting as a nucleophile, 
indicating that the initial cross-link occurred at N1 of dA and that 9 was produced during  




the isolation procedure. The fact that the decomposition rate constant of 8 exhibited a 
linear dependence on [NaN3] suggested that azide reacts directly with 8 in the rate-
determining step.160 NMR analysis on the doubly labeled duplex DNA containing 13C5-1 
and 15N1-dA provided definitive evidence for the initial formation of 8 in both duplex 
DNA and monomer reactions.159 Furthermore, NMR analysis on the rearranged product 
indicated that 8 isomerized via an associative (Dimroth-type) mechanism to 9 in the 
cross-linked DNA during the isolation and purification processes (Scheme 6).159  
The phenyl selenide-containing nucleotide triphosphate was accepted as a 
substrate by DNA polymerase.161 More importantly, -irradiation of short 
oligonucleotides (16 mer) or long DNA strands (7,200 bp) produced ICLs in a dose-
dependent manner.161 It was shown that the major pathway for ICL generation upon - 
radiolysis proceeded through H2O2 induced selenoxide formation. These results suggest 
that 1 can be potentially used as radiosensitizing agent.161 The dC phenyl selenide 
analogue (10) also produced ICLs effectively with opposing dG or dI (Scheme 7).162 The 
cross-linking occurs at the N1 position of dG (12) or dI (13).162 In contrast to 2, in which 
the flanking sequence had little effect on ICL generation, the ICL produced from 11 was 





washing steps. The signal was read as fluorescence by conjugating avidin to horseradish 
peroxidase in a microtiter plate assay. The method allowed detection of 250 fmol of the 
target sequence without using PCR.164  
2.3.2 ICL produced from the photolysis of 1 
Exposing DNA to ionizing radiation, a typical source of reactive oxygen species, 
generates DNA damage directly or indirectly. Direct ionization of DNA produces cation 
radicals that undergo further decomposition to cause various DNA damage.165-167 The 
indirect effect mainly results from the hydroxyl radical produced from irradiation of 
H2O.168,169 The 5-(2’-deoxyuridinyl)methyl radical (15) is a thymidine radical generated 
from either hydrogen atom abstraction from C5 by hydroxyl radical,170-172 or a one-
electron oxidation of thymidine followed deprotonation (Scheme 8).173 UV-mediated 
independent generation of radicals at specific sites in an ODN enables the study of 
individual radicals under conditions in which other radicals derived from ionized ODNs 
are not formed.174 This strategy has greatly contributed to the resolution of controversies 
pertaining to DNA damage.174 Phenyl selenide 1 was reported to produce 5-(2’-
deoxyuridinyl)methyl radical (15) upon photolysis at 350 nm (Scheme 8).175 The long 
wavelength required for the induction of 1 as compared to other photolabile precursors is 
more compatible with biological molecules. Under anaerobic conditions, most of the 
precursor (74%) was consumed upon brief irradiation (5 min), and thymidine was the 
only product in the presence of glutathione (GSH).175 Oxygenated products including 5-
(hydroxymethyl)-2’-deoxyuridine (dHMU), 5-(hydroperoxymethyl)-2’-deoxyuridine 
(dHpMU), and 5-formyl-2’-deoxyuridine  (dFU) were produced as the major products in 
the photolysate of 1 under aerobic conditions (Scheme 8).175 Isotopic labeling using 18O2 
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revealed that the oxygen atom in the hydroxyl group of dHMU was from O2.160 These 
products are consistent with those obtained from photolysis of a phenylsulfide-containing 
Scheme 8. Generation of radical 15 and its decomposition pathways. 
 
precursor (16, Scheme 8) from which 15 was proposed to be produced,176 supporting the 
formation of 15 from the photolysis of 1.  
ICLs were observed upon photolysis of duplex DNA containing 1.177 The cross-
linking reaction was facile (30 min) and produced ICL in ~25% yield.177 Hydroxyl 
radical cleavage assays carried out on purified ICLs determined that the cross-linking 
occurred exclusively with the opposing dA. ESI-MS and NMR analysis on the product, 
obtained from enzyme digestion of the ICLs and separation by HPLC, identified the 
covalent linkage between the N6 of dA and the methylene carbon of T (9, Scheme 9). 
This is also the same structure formed upon oxidation of duplex DNA containing 1.159,177 
The initially formed cross-links (8) underwent the same rearrangement to yield the N6-
adduct (Scheme 5).159,160 Competition analysis between oxygen and thiol suggested that 
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15 was trapped by oxygen reversibly.160 ODNs containing thymidine were produced from 
1 at the expense of the ICL in the presence of thiol (GSH), whereas the addition of NaN3 
had little effect on the ICL yield produced from photolysis of duplex DNA with 1. Based 
on the above observations, radical 15 was proposed to be responsible for the ICL 
formation upon photolysis of duplex DNA containing 1. ICLs were also formed when 
other precursors of radical 15 containing arylsulfide groups (17 and 18) were used. 
Scheme 9. Proposed mechanisms of ICL formation from photolysis of duplex DNA containing 1, 
17, or 18.  
 
However, precursors 17 and 18 did not produce an electrophilic intermediate under 
oxidative conditions due to the high barrier for a [2,3]-sigmatropic rearrangement faced 
by an allylic sulfoxide compared to that for a selenoxide. Based on the above 
observations, it was proposed that radical 15 produced from photolysis of 17 and 18 
generated ICLs in duplex DNA. Furthermore, protein binding greatly affects the ICL 
formation from 1 upon photolysis.178 The ICL yield increases by >2-fold when 15 is 
produced at a kink site of DNA exerted from protein binding, presumably due to the 
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disruption in base stacking that results in a greater conformational freedom of 15 to adopt 
syn-conformation.178   
The reactivity of 15 was studied in other reports using 16 as the photolabile 
precursor. Romieu et al. utilized ODN containing 16 to generate 15 in single stranded 
DNA, and observed the formation of intrastrand cross-links resulting from the radical 
Scheme 10. Intrastrand cross-links formed from 15. 
 
reacting with the adjacent purines under anaerobic conditions (Scheme 10).176 
Comparable cross-linking products between C5 of thymine and C8 of guanine or adenine 
were detected from UV-irradiation of four dinucleotides (d(16pG), d(Gp16), d(16pA), 
d(Ap16)).179 An analogous radical on dC (5-(2’-deoxycytidinyl)methyl radical) produced 




from a phenylsulfide precursor (dCSPh) yielded a similar intrastrand cross-link lesion with 
vicinal guanine in dinucleotides d(mCpG) and d(GpmC, Scheme 11).180 However, the 
reactivity of 15 was not studied in the context of duplex DNA in the above reports. 
Radical 15 was also proposed to be generated via hole migration in A•T sequences. 
However, ICLs were not observed.181,182 A recent report on radical 15 indicates that it 
undergoes both oxidation and reduction reactions.183 This disproportionation results in 
the formation of cation 19 and anion 20.183 Cation 19 mainly adds to the ortho and para 
Scheme 12. Radical 15 undergoes disproportionation. 
 
positions of the phenyl ring in precursor 16, generating a dimer while anion 20 readily 
abstracts a proton from the solvent to give rise to thymidine.183   
2.3.3 A potentially useful probe for histone-DNA interactions. 
 Trapping the transient interactions between histone tails and nucleosomal DNA 
by forming covalent bonds can be useful in providing detailed insights into such 
interactions. However, species such as carbenes and nitrenes in DNA are highly reactive, 
and they react nonselectively with amino acid residues in proximity with low yields of 
DPCs. Chemical cross-linking methods involving disulfide bond formation or 
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vinylsulfonamide requires long reaction times. We postulated that facile generation of 2 
under mild oxidative conditions from 1 might provide the right balance between kinetic 
reactivity and selectivity. Furthermore, 1 possesses a number of properties that make it an 
attractive candidate for probing DNA-protein interactions. The phenyl selenide 
containing 1 is compatible with solid-phase oligonucleotide synthesis, and the 
corresponding deoxynucleotide triphosphate is accepted as a substrate by DNA 
polymerase. Moreover, the electrophilic species is well poised in the major groove to 
react with nucleophilic amino acid side chains when 2 is in the anti-conformation. In the 
present study, we tested 2 as an efficient probe in detecting histone tail-DNA interactions 
at various positions within the NCP. In addition, we also examined the photochemistry of 
















endonuclease that binds DNA in the minor groove. The cleavage by DNase I on 
nucleosomal DNA occurs only when the minor groove faces away from the histone 
octamer surface. The consistent cleavage pattern with a 10-bp periodicity observed on the 
reconstituted NCPs verified proper positioning of all the substrates with respect to the 
histone octamer and confirmed that the incorporation of modified nucleotide at each site 
did not affect the register of the 601 DNA (Figure 22 and App. Figures 9-11). The 
absence of cleavage at the sites where 1 was incorporated suggested that the minor 
groove at SHLs 0, 1.5, and 4.5 are pointed towards the histone octameric core (inward), 
which is consistent with the crystal structure of NCPs with 601 sequence.4 
3.2 The formation of ICLs within NCPs 
3.2.1 ICL formation under oxidative conditions 
 Monitoring the reactivity of 2 formed from NaIO4-treatment by 8% denaturing 
PAGE revealed that it produced ICLs in NCPs (9, Figure 23A) in considerably lower 
yields at most positions tested compared to those in free DNA (Figure 23B). In free 
DNA, ICL yield at six different positions ranged from 40-53% with an exception of 
~13% ICL yield generated by 2218 (Figure 22B). Although the reason for the 
exceptionally low ICL yield produced by 2218 in free DNA is unclear, the high ICL yield 
observed at the other six positions is consistent with those reported in short ODNs (16 
mer).158,160. In contrast, ICL formation from 2 within NCPs was considerably less 
effective. The lowest ICL yield was observed when 2 was incorporated at two positions 
of SHL 4.5 (2119 and 2172), which was only 30% of that produced in the corresponding 





manner.160 Changing the flanking sequence of 173 (5'-dA1C) to match those of 189 and 
1119 (5'-dT1A) slightly decreased the ICL yield in NCP and free DNA. However, the 
yields were still higher than those produced at SHLs 1.5 and 4.5. The low ICL yield 
produced from photolysis of 1 in NCPs in general is inconsistent with a previous study 
that revealed that photolysis of 1 resulted in much greater ICL yield when 1 was placed at 
the kink site of a DNA-protein complex.178 These conflicting results and the fact that 
ICLs were not observed at all in other studies where 15 was proposed as an 
intermediate181,182 led us to reinvestigate the generation of radical 15 from photolabile 
precursors. 
3.2.2.2 Monomer studies on photolabile precursors  
 Photochemistry of the two precursors (1 and 17) that have been reported to 
generate 15 was reexamined in monomers.191 tert-Butyl thiol was utilized as hydrogen  




atom donor to trap the radical (Scheme 13). Indeed, anaerobic photolysis of 1 in the 
presence of t-butyl thiol (50 mM) produced thymidine as the major product (25.5%, 
Table 1). Under aerobic conditions, oxygenated products including 5-(hydroxymethyl)-
2’-deoxyuridine (dHMU) and 5-(hydroperoxymethyl)-2’-deoxyuridine (dHpMU) were 
generated (40.2%, Table 1) from O2 reacting with radical 15 (Scheme 13). The addition 
of t-butyl thiol (50 mM) reduced most of dHpMU to dHMU and gave rise to higher yield of 
oxygenated products (52.3%, Table 1). No thymidine was observed under aerobic 
conditions, suggesting that 50 mM t-butyl thiol cannot compete with O2 for 15. The low 
yield of thymidine obtained from 15 under anaerobic conditions is attributed to the 
Table 1. Product yields upon photolysis of 1 under aerobic and anaerobic conditions. 
 
inefficiency of t-butyl thiol as a radical trap. The above results provide further proof for 
the generation of radical 15 upon photolysis of 1. However, sulfide 29 was also observed 
under aerobic and anaerobic conditions (Scheme 13). The similar yield of 29 under 
aerobic (5.1%) and anaerobic (6.2%) conditions suggested carbocation 19 as its source 
(Table 1). Having confirmed that the photolysis of 1 produced cation 19 in addition to 
radical 15, we sought orthogonal traps for each intermediate to deconvolute their 
reactivities. 




products (~2%, Figure 25B), presumably due to the competition from O2 for 15. However, 
a commensurate increase in the yield of 31 was not observed in the presence of OH- 
TEMPO. Instead, similar yields of 31 (16.9%) were observed as under anaerobic 
conditions. The reason behind the observed difference in the yields of the oxygenated 
products and 31 is unclear. Comparable results were obtained from phenyl selenide 1. 
Thymidine was not detected at low concentration of OH-TEMPO (0.5 mM) under 
degassed conditions. Instead, 31 was observed in maximum yield (10.5%). High 
concentration of 30 (up to 200 mM) was required under aerobic conditions to reach the 
maximum yield of 31 (10.1%), which was essentially identical to the yield from 
anaerobic photolysis. The higher yield of 31 obtained from 17 than from 1 suggested that 
the former generated the radical more efficiently. 
 We examined two nucleophiles as orthogonal traps for carbocation 19. Sodium 
azide was used in previous studies159,160 but was incompatible with our study due to the 
Scheme 15. Trapping of 19 with methoxyamine.  
 
decomposition of the trapping product upon photolysis. Consequently, methoxyamine 
was utilized to trap 19 (Scheme 15). Adduct 32 was independently synthesized and was 
detected upon irradiation of 1 and 17 under aerobic and anaerobic conditions. Under 
anaerobic conditions, the yield of 32 produced from 17 increased with higher 






dependent on the concentration of methoxyamine (Figures 28A and 28B). The slope 
corresponds to the ratio of the rate constants for the two competition reactions. The ratio 
is comparable between aerobic (4.5 ± 0.2 M-1, 5 experiments) and anaerobic (3.2 ± 1.2 M-
1, 4 experiments) conditions, which is consistent with the assumption that the reactivity of 
19 is not affected by O2. It is difficult to estimate kICL due to the uncertainty on kT.  The 
rate constant for methoxyamine reacting with a carbocation is between 2  102  - 7  103 
M-1s-1, depending on the cation species.192,193 Regardless of the magnitude of kICL, these 
data clearly indicate that the cross-linking formation is due to carbocation 19, which is 
formed either from direct heterolytic cleavage of the precursors and/or from the electron 
transfer between the initially formed radical pair (Scheme 16). 
Scheme 16. Photolysis of 1 or 17 produces 15 and 19. 
 
 Computational studies were carried out by our collaborator Carl Schiesser to 
verify the experimental results we obtained.191 It was estimated that the energy barrier of 
adenine reacting with the nucleobase radical 34 (Scheme 16) exceeded 50 kJ/mol at all 
levels of theory employed. In contrast, the reaction between a carbocation analogous to 
19 (35, Scheme 16) and adenine was predicted to be barrierless, consistent with the 
experiments indicating that ICLs were produced by the carbocation. Establishing the fact 
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that the carbocation instead of radical is responsible for cross-link formation when DNA 
containing 1 or 17 is photolyzed clarifies and reconciles a number of observations in the 
literature. Cross-linking from 19 is consistent with the observation that photolysis and 
oxidation of duplex DNA containing 1 produce identical cross-linked products.159,160 
Moreover, it explains why ICLs are formed in an oxygen independent manner when 
photolyzed.160 This result also reconciles observations in the literature where radical 15 is 
proposed to form, but ICLs are not observed.181,182  
3.3 DPC formation in NCPs 
3.3.1 Monomer studies with amino acids 
The viability of 2 as a probe for DNA-protein interactions was examined by 
reacting the monomeric 1 with a variety of N-acetylated amino acids (lysine 36a,  
Scheme 17. Reaction of 1 with amino acid derivatives under oxidative conditions.  
 
histidine 36b, cysteine 36c, tyrosine 36d, arginine 36e, alanine 36f, aspartic acid 36g, 
serine 36h, and tryptophan 36i, Scheme 17) under oxidative conditions. After reacting 1 
Chromatograms of 2 reacting with (A) 36a and (B) 36b. 





the equilibrium between two conformations of 2. Regardless of the adopted 
conformation, the electrophilic carbon of 2 resides in the major groove of DNA, which is 
well poised to react with the histone tail in proximity. This may provide explanation for 
the comparable DPC yield observed at two opposing sites at SHL 1.5 (289 and 2202). The 
DPC yields produced from 289 and 2202 was 2.2-2.4 times higher than the corresponding 
DNA ICL yield at these two positions, suggesting that 2 within NCPs preferred to react 
with proteins rather than the opposing dA. This preferential reactivity may result from the 
proximity and flexibility of the N-terminal histone tails. The similarly high DPC yield 
Scheme 18. The equilibrium between syn- and anti-conformations of 2. 
 
from intermediate 2 at two positions around SHL 4.5 (2119 and 2172, 50.4% and 50% 
respectively, Figure 31A) suggested that they too are in close proximity to histone tails. 
In contrast, the DPC yields produced from 2 at dyad positions (273 and 2218) were 
considerably lower than those from four positions at SHLs 1.5 and 4.5. The relatively low 
DPC yield was attributed to the absence of histone tails in proximity to the dyad 
positions. However, the fact that 2 at dyad positions was able to reach histone proteins at 
all suggested that the histone tails were mobile in solution.   
3.4 Identification of cross-linked proteins  
 The covalent bond formed by the attack of a nucleophilic residue on the 






2 at specific sites (Figures 34). The minor groove of 289 orients against the octameric 
core, placing the electrophilic carbon of anti-2 in the major groove, which is well poised 
to react with the proximal H4 tail. Reaction with the H3 tail requires the protein to 
traverse the major groove of 289 when it is in the anti-conformation. In contrast, the 
accessibility of the electrophilic carbon of 2202 to the histone H4 tail is partially blocked 
by the opposing strand. However, both syn- and anti-conformations place the reactive 
carbon of 2202 in the major groove that is accessible to the H3 tail. Although the minor 
groove of 2205 also faces towards the histone core, the electrophilic carbon of anti-2205 
resides in the major groove, which is close to the histone H3 tail (Figures 34). This is 
consistent with the protein's major contribution to DPC formation (67.1%). The reactivity 
of 2205 with histone H4 (20.7%) may be attributed to the syn-conformation resulting from 
the rotation around the glycosidic bond that also yields DNA-DNA interstrand cross-links 
(ICLs). 
3.4.2 Cross-linked proteins at SHL 4.5 
Reactivity at SHL 4.5 paralleled that of 2 at SHL 1.5. DPCs were predominantly 
distributed between histone H2A and H2B (Figure 35A). The preference for either of 
these proteins depended upon which strand 2 was incorporated in. At position 119 of 
SHL 4.5, 2 cross-linked primarily with histone H2A (62.5%) and to a lesser extent with 
histone H2B (37.5%), whereas DPC’s distribution between H2A (3.5%) and H2B 
(93.9%) was reversed from the opposing position (2172). The region of 601 DNA around 
SHL 4.5 is bound by a histone H2A-H2B heterodimer, with the tails of both proteins 
being close to 2 (Figure 35B). Examination of the crystal structure reveals that the tails 








position 89. Consequently, the different reactivities among all the nucleophilic residues in 
the H4 tail towards 289 were further explored using kinetics. Kinetic analysis requires 
removal of excess NaIO4 at an optimal time point, which ceases the generation of 2 from 
oxidation, facilitating monitoring the growth of DPCs. Independent experiments on a 20 
mer duplex (39, Figure 38A) were carried out in an attempt to search for the NaIO4 
quencher and optimal conditions for quenching. Out of the five candidates 40, 41, 42, 43, 
(Figure 38B) and Na2SO3, ethylene glycol, dimethyl sulfide, and Na2SO3 quenched 
NaIO4 the most effectively when added prior to NaIO4 treatment, as supported by the 
near background yield of ICLs (<5%). The oxidation time was optimized to 5 min, at 
which ethylene glycol (5 M), dimethyl sulfide (300 mM), or Na2SO3 (30 mM) was added 
to quench the excess NaIO4. A time-dependent increase in the ICL yield indicated that 2 
generated from 5 minutes of oxidation was adequate for monitoring the growth of ICLs 
(Figure 38C). Considering that high concentrations of additives might destabilize the 
NCP structure, Na2SO3 with the lowest effective concentration was utilized to quench 
excess oxidant in the kinetic studies on NCPs. DPC growth was measured from the point 
when Na2SO3 was added by removing aliquots at various times. 
DPC formation followed first-order growth (Figure 39A). The kinetic analysis of 
DPC formation from 289 revealed that the rate constants were sensitive to the removal of 
nucleophilic residues in the H4 tail even though the DPC yield and the composition of 
cross-linked proteins were not strongly influenced by the mutations (Figure 39B). For 
instance, substituting alanines for lysines 16, 20, or 16 and 20 in histone H4 had no effect 
on DPC yield or the distribution of cross-linked proteins (Figure 36B and Table 2). 




lysine residues were substituted by arginines. This is consistent with previous results in 
which H4 is still the primary cross-linked protein in the K5,8,12,16,20R mutant. 
Substituting His18 to Ala while keeping all five lysines greatly reduced the rate constant 
(0.19 ± 0.01 min-1), indicating that His18 reacted relatively rapidly with 289. The 
relatively high rate constant for reaction of 289 with His18 was attributed to the imidazole 
ring's nucleophilicity and its access to 289. The rate constant for the DPC formation from 
289 in the NCP containing the H4 variant K8,12,16,20R was indistinguishable from that 
containing K5,8,12,16,20R, as was the rate constant from the H4 variant 
K8,12,16,20R/H18A and the H4 K5,8,12,16,20R/H18A mutant. These observations 
suggest that lysine 5 does not react with 289 to a measurable extent. Finally, the kDPC for 
the NCP containing the K5,8,12,16,20R/H18A histone H4 protein is more than 13-fold 
lower than the wild type protein (Figure 39B), which is consistent with the H3 tail being 
less accessible to 289 (Figure 37B).  
The kinetic analysis enables a qualitative ranking of amino acids in terms of 
reactivity with 289, and indicates that 289 reacts preferentially with His18 > Lys 16 > Lys 
20 ~ Lys8,12 > Lys 5 (Figure 40). The low reactivity of Lys 5 substantiates the results 
obtained from the study on DOB reactivity within the NCP, in which the pyrrolone 
modification transferred from DOB89 was absent on K5 (See chapter 1 section 3.1.3.6). In 
addition, the absence of the lactam modification on lysine 5 by C4-AP in a previous 
report was also corroborated by this result.16 Although no post-translational modification 
has been discovered on H4H18, H4K20 and H4K16 are intensively involved in cellular 
signaling and the regulation of gene expression through post-translational modifications 








 This study develops a generally applicable method for probing interactions 
between nucleosomal DNA and histone proteins. The transient nature of these 
interactions and the mobility of histone tails in solution pose a great challenge to 
characterizing DNA-histone tail interactions.54 However, such interactions play important 
roles in various biological processes including the assembly of chromatin structures and 
the nucleosome dynamics.8,62,196 Moreover, the interactions between histone tails and 
DNA greatly affect the reactivity of DNA lesions generated within NCPs.15,77 While mass 
spectrometry generally enables identification of specific residues involved in these 
interactions, quantification is difficult without isotopically enriched samples.18,197 
Consequently, we developed a method for probing DNA-protein interactions that takes 
advantage of an irreversible reaction between nucleophilic residues on proteins and an 
electrophilic nucleotide.  
 Unlike kinetically-controlled reactions that involve highly reactive intermediates 
such as carbenes and nitrenes, electrophilic intermediate 2 reacts selectively but 
irreversibly, with nucleophilic side chains of amino acid residues (lysine, cysteine, and 
histidine). The selectivity of 2 renders high DNA-protein cross-link yields when 
incorporated into nucleosome core particles. Product studies with 2 determine the identity 
of histone proteins participating in the interaction with specific sites of DNA. 
Specifically, reaction of 2 reveals that multiple nucleophilic amino acid side chains in 
histone tails react with the DNA, and that they compensate for other nucleophilic 
residues’ absence. Moreover, the facile reaction of 2 enables kinetic analysis and a 
qualitative ranking of amino acids in terms of reacting with 2. Intermediate 2 at position 
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89 reacts with His18 > Lys16 > Lys 20 ~ Lys8,12 > Lys5. A more quantitative 
determination of the contribution from each individual amino acid in reacting with 2 is 
impossible. This may be due to multiple conformations adopted by the histone tail in the 
various histone variants, which presumably affects the reactivities of specific amino acids 
with 2. 
 The method developed in this study will be potentially useful for providing 
possible connections between NCP catalyzed DNA cleavage and post-translational 
modifications, as well as the effect that modifications in histone tails have on the 
reactivity of DNA lesions produced within NCP. Kinetic analysis on the reaction 
emphasizes the significance of H4K16 and H4K20 in interacting with position 89, which 
corroborates the observed modifications on these two residues by DOB89 (See chapter 1 
section 3.1.3.6) and C4-AP89.16 Considering that the post-translational modifications on 
these two residues play regulatory roles in essential biological processes including gene 
expression,10,11 the unnatural modifications resulting from DNA lesions may affect 
transcription regulation, as well as cellular signaling. Besides the high yields and 
selectivity the method provided, the precursor of 2 (1) is compatible with solid-phase 
DNA synthesis and the corresponding triphosphate is a substrate for DNA 
polymerases.161 Given all the advantages, the method developed here will be generally 









 Oligonucleotides containing phenyl selenide (1) were synthesized and purified as 
previously described.160 DNA containing 1 was subjected to additional purification by 
reversed-phase HPLC on a RP-C18 column (VARIAN, Microsorb-MV 100-5 C18 250 × 
4.6 mm). The peak of interest was collected using the following gradient conditions: 0-5 
min 0-2% B in A, 5-15 min 2-12% B in A, 15-40 min 12-20% B in A, 40-50 min 20-30% 
B in A, 50-55 min 30-80% B in A, 55-60 min 100% A, at a flow rate 1.0 mL/min. [A: 
0.05 M (Et3NH)OAc (pH 7.0)/MeCN 95:5; B: 0.05 M (Et3NH)OAc (pH 7.0)/MeCN 
50:50]. All solvents were distilled before use. tert-Butylthiol was distilled over CaO. 
Dichloromethane, benzene, triethylamine and DMF were distilled from CaH2. OH-
TEMPO (30) was obtained from Sigma-Aldrich. MeO-NH2HCl was purchased from MP 
Biomedicals. All photolyses were conducted in Pyrex tubes using a Rayonet photoreactor 
(RPR-100) equipped with 16 lamps with a maximum output at 350 nm. Anaerobic 
photolyses were carried out in sealed Pyrex tubes using standard freeze-pump-thaw 
cycles (three times). The plasmids for four WT histone proteins were a generous gift 
from Prof. Gregory Bowman (Department of Biophysics, Johns Hopkins University). 
Expression and purification of core histone proteins, as well as refolding and purification 
of the histone octamer, were carried out as previously described.189 T4 polynucleotide 
kinase, T4 DNA ligase, and DNase I were purchased from New England Biolabs (NEB). 
Nuclease P1 (from Penicilium citrinum) was from Sigma and was dissolved in water (1 
U/L). Benzonase was purchased from Sigma. -32P-ATP was purchased from Perkin 
Elmer. C18-Sep-Pak cartridges were obtained from Waters. Quantification of radiolabeled 
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oligonucleotides was carried out using a Molecular Dynamics phosphorimager equipped 
with ImageQuant Version TL software. Salmon sperm DNA (10 mg/mL) was purchased 
from Invitrogen. All experiments with NCPs were conducted in clear siliconized tubes 
(Bio Plas Incorporated). ESI-MS analysis was carried out on a LCQ-Deca Ion Trap. 
UPLC/MS system is an Acquity UPLC H-Class/Xevo G2 QTof from Waters. MALDI-
TOF MS analysis was carried out on Bruker AutoFlexIII MALDI-TOF. 
Photoreaction of oligonucleotides. Photoreactions of short duplex DNA (33, 20 nM) 
containing 17 were carried out in 10 mM sodium phosphate (pH 7.2) buffer. The stock 
solution of MeO-NH2HCl (2 M) was titrated with 5 M NaOH solution to adjust the pH 
to ~7.0. It was then added to the photolysis mixture as appropriate for the desired 
concentration. HO-TEMPO (30) was dissolved in H2O without adjusting the pH. After 
1.5 h photolysis, an aliquot was mixed in 1:1 ratio with 90% formamide loading buffer 
and subjected to 20% denaturing PAGE analysis (acrylamide/bisacrylamide; 19:1, 45% 
urea). 
Photoreaction of monomers 1 and 17. Monomers 1 or 17 was dissolved in CH3CN/H2O 
(1:1) in stock solution (20 mM) and diluted with H2O in reactions. Photoreaction 
solutions typically contained 50 M of 1 or 17 and 100 mM phosphate buffer (pH 7.2), 
together with 10 M of the internal standard 5-methyluridine (MeU). Photolyses were 
carried out for 1.5 h. Methoxyamine and HO-TEMPO (30) solutions were prepared and 
added as described above. t-Butyl thiol was dissolved in CH3CN (1 M) and  diluted by 
H2O in the photolysis reaction as appropriate for the desired concentration. Photolysate 
was analyzed by HPLC using an Agilent 1290 Infinity, with a RP-18 column (VARIAN, 
Microsorb-MV 100-5 C18 250 × 4.6 mm). The general gradient employed to analyze the 
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photolysate was 0-12.5 min, 3-11.5% B in A; 12.5-15 min, 11.5-50% B in A; 15-20 min, 
50-80% B in A; at a flow rate 1.0 mL/min. [A: H2O; B: CH3CN]. The photoreactions 
containing 30 were analyzed using a different gradient: 0-1, 3% B in A; 1-13.5 min, 3-
11.5% B in A; 13.5-16 min, 11.5-15% B in A; 16-25 min, 15-35% B in A, 25-28 min, 35-
80% B in A; at a flow rate 1.0 mL/min. [A: H2O; B: CH3CN]. 
Determination of response factors. Response factors for compounds at 260 nm were 
calculated versus 5-methyluridine (MeU) as an internal standard. The following formula 
was used to calculate response factors ([X]/[IS])=Rf(A(X)/A(IS)), where [X] is the 
concentration of the compound of interest and [IS] is the concentration of the internal 
standard. A(X) and A(IS) are the areas under the peaks corresponding to the compound 
of interest and the internal standard, respectively (App. Table 1). 
 
Synthesis of 5-(N-methoxymethylamine)-2'-deoxyuridine (32). To a 
solution of 3’, 5’-O-diacetyl-2’-deoxyuridine (44, 150 mg, 0.46 mmol) in 
distilled benzene (5 mL) was added N-bromosuccinimide (106 mg, 0.6 
mmol) and azobisisobutyronitrile (AIBN, 8 mg, 0.06 mmol). The mixture was heated to 
reflux for 3 h, during which time the color changed from colorless to orange. The 
solution was cooled down and the solvent was removed to give the crude allylic bromide 
(45), which was used without purification. To a solution of MeO-NH2HCl (76.8 mg, 
0.92 mmol) in DMF (2.5 mL), was added triethylamine (TEA, 130 L, 0.92 mmol) via 
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syringe. White precipitate crushed out upon the addition of TEA. The mixture was stirred 
at 25 °C for 1 h. A solution of 45 in DMF (2.5 mL) was then added. After stirring 
overnight, the mixture was poured into a beaker containing 30 mL of water and extracted 
with methylene chloride. The organic phases were combined, washed with water, and 
brine. Evaporation of the solvent gave the crude product, which was purified by flash 
chromatography (CH2Cl2:MeOH, 50:1) to give a pale yellow foam (47, 45 mg, 26% for 
two steps): 1H-NMR (CDCl3)  9.13 (br, 1H), 7.49 (s, 1H), 6.29 (dd, 1H, J = 7.2, 4.8 Hz), 
5.18-5.15 (m, 1H,), 4.39-4.17 (m, 3H), 3.81-3.64 (m, 2H), 3.47 (s, 3H), 2.44 (ddd, 1H, J 
= 11.9, 4.1, 1.4 Hz), 2.15 (ddd, 1H, J = 11.9, 7.5, 3.2 Hz), 2.08 (s, 3H), 2.05 (s, 3H). 3', 
5'-O-Diacetyl-5-(N-methoxymethylamine)-2'-deoxyuridine (47, 45 mg, 0.12 mmol) was 
dissolved in methanol (3 mL), to which was added a concentrated solution of ammonia in 
methanol (1 mL, 7 M). The resulting yellow solution was stirred overnight at room 
temperature. The solvent was evaporated and the residue was purified by flash column 
chromatography (CH2Cl2:MeOH, 10:1) to give 32 as a colorless solid (28 mg, 81%): 1H-
NMR (MeOH-d4)  8.05 (s, 1H), 6.32 (t, 1H, J = 11.2 Hz), 4.45-4.41 (m, 1H), 3.95 (q, 
1H, J = 3.6 Hz), 3.85-3.73 (m, 4H), 3.53 (s, 3H), 2.36-2.20 (m, 2H); 13C-NMR (MeOH-
d4)  164.2, 150.7, 139.4, 109.7, 87.5, 85.1, 70.7, 61.4, 59.8, 39.9; IR (neat) 3394, 2940, 
2345, 1734, 1691, 1679, 1469, 1276 cm-1; HRMS m/z (M+H+) calc. 288.1190, found 
288.1187. 
Synthesis of 5-(t-butylthiomethyl)-2’-deoxyuridine (29). The allylic 
bromide (45, 214mg, 0.46 mmol) was obtained by the same procedure as 
described above. To a suspension of NaH (44 mg, 60% in oil, 1.84 mmol) 
in DMF (2.5 mL) was added t-butylthiol (104 L, 0.92 mmol) via syringe. After stirring 
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the mixture at room temperature for 1 h, a solution of the allylic bromide (45) in DMF 
(2.5 mL) was added. The resulting solution was stirred at room temperature overnight. 
The reaction was quenched by pouring into 30 mL water and extracted with methylene 
chloride. The organic phases were separated, washed with water, and brine. Evaporation 
of the solvent gave the crude product, which was purified by flash chromatography 
(hexane:ethyl acetate, 1:1) to give a yellow solid (46, 80 mg, 42%):1H-NMR (CDCl3)  
9.71-9.56 (m, 1H), 7.57 (s, 1H), 6.30 (t, 1H, J = 8.0 Hz), 5.21 (dd, 1H, J = 6.4, 1.6 Hz), 
4.37-4.25 (m, 2H), 4.24-4.21 (m, 1H), 3.53-3.41 (m, 2H), 2.47 -2.41 (m, 1H), 2.16 (s, 
3H), 2.07 (s, 3H), 1.30 (s, 9H). Similarly, the purified 3’, 5’-O-diacetyl-5-t-
butylthiomethyl-2’-deoxyuridine (46, 80 mg, 0.19 mmol) was deprotected by a 
concentrated solution of ammonia in methanol (1 mL, 7 M). The solvent was evaporated 
after overnight stirring and the residue was purified by flash column chromatography 
(CH2Cl2:MeOH, 20:1) to give 29 as a white foam (63 mg, 100%): 1H-NMR (MeOH-d4)  
8.05 (s, 1H), 6.31 (t, 1H, J = 6.6 Hz), 4.45-4.42 (m, 1H), 3.96 (dd, 1H, J = 7.0, 3.4 Hz), 
3.82 (dd, 1H, J = 11.8, 3.4 Hz), 3.77 (dd, 1H, J = 11.8, 3.8 Hz), 3.56-3.48 (m, 2H), 2.34-
2.21 (m, 2H), 1.36 (s, 9H); 13C-NMR (MeOH-d4)  163.6, 150.6, 138.4, 112.1, 87.5, 85.1, 
70.8, 61.5, 42.3, 39.9, 29.8, 23.6, 20.7; IR (neat) 3369, 2926, 2346, 1734, 1666, 1469, 
1277 cm-1; HRMS m/z (M+H+) calc. 331.1322, found 331.1316. 
Synthesis of 31. Monomer 1 (50 mg, 0.13 mmol) was mixed with 30 
(216.8 mg, 1.3 mmol) in 3 mL CH3CN/H2O (1:1) in a Pyrex tube. Argon 
was bubbled through the solution for 0.5 h. The photolysis was carried 
out for 3 h under argon. The solvent was evaporated in vacuo to yield the crude product, 
which was subjected to flash column chromatography (CH2Cl2:MeOH, 10:1) to give 31 
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as a white foam (5 mg, 9%): 1H-NMR (MeOH-d4)  8.07 (s, 1H), 6.3 (t, 1H, J = 6.6 Hz), 
4.53 (d, 1H, J = 11.0 Hz), 4.48 (d, 1H, J = 11.0 Hz), 4.42-4.39 (m, 1H), 3.95-3.82 (m, 
2H), 3.77 (dd, 1H, J = 11.8, 3.4 Hz), 3.72 (dd, 1H, J = 11.8, 3.4 Hz), 2.35-2.18 (m, 2H), 
1.80-1.73 (m, 2H), 1.48-1.41 (m, 2H), 1.29 (s, 3H), 1.24 (s, 3H), 1.17 (s, 3H), 1.16 (s, 
3H); 13C-NMR (MeOH-d4)  150.8, 139.6, 128.0, 110.6, 87.6, 85.2, 71.0, 70.6, 62.0, 
61.5, 60.0, 40.1, 32.3, 29.0, 20.1; IR (neat) 3369, 2926,1678, 1470, 1275, 1050 cm-1; 
HRMS m/z (M+H+) calc. 414.2235, found 414.2244. 
General procedure for the oxidation reaction of NCPs containing 2. The ligation of 
145 mer 601 DNA containing 1 and the reconstitution of NCPs were carried out as 
described previously (See chapter 1 experimental).78 However, the oligonucleotides and 
ligated strands were different (App. Figure 1 and 2). To the reconstituted NCP solution 
was added 5 mM NaIO4. Following incubation at 37 °C for 2 h, the samples were divided 
into two portions. One portion was treated with proteinase K (0.1 g) for 5 min at room 
temperature and analyzed by 8% denaturing PAGE (40 × 32 × 0.04 cm, 
acrylamide/bisacrylamide; 19:1, 45% urea). To the second portion was directly added 4 × 
SDS loading buffer (400 mM Tris•HCl, 400 mM DTT, 8% SDS, 40% glycerol) and 
analyzed by SDS PAGE (10% resolving acrylamide/bisacrylamide = 29:1, 5% stacking 
layer, 20 × 16 × 0.1 cm). The gel was run at 250 V until the bromophenol blue band 
migrated to the bottom. 
General procedure for the kinetic studies. NCPs containing 5’-radiolabeled DNA 
duplex were mixed with 3 mM NaIO4 without additional buffer. Na2SO3 (30 mM) was 
added 5 min afterwards to react with excess NaIO4. An aliquot was withdrawn from the 
reaction and immediately put in -80 C at each indicated time point. The aliquot was 
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mixed with 4 × SDS loading buffer before being subjected to SDS PAGE analysis (10% 
resolving layer, acrylamide/bisacrylamide 29:1, 5% stacking layer, 20 × 16 × 0.1 cm).  
LC-MS analysis for the reactions between phenyl-selenide-containing monomer (1) 
and protected amino acids. Typically, monomer 1 (1 mM) was mixed with protected 
amino acid 36a-i (50 mM) and 10 mM sodium phosphate buffer (pH 7.2), to which 
NaIO4 (5 mM) was added. If the removal of excess NaIO4 was required, Na2SO3 (50 mM) 
was added to the mixture 5 min after the addition of NaIO4. The resulting solution was 
incubated at 37°C for overnight. The reaction was diluted by 5-fold prior to being 
subjected to UPLC-MS analysis, which is carried out on an Acquity UPLC HSS T3 C18 
column (1.8 m, 2.1 mm × 100 mm) set at 35 °C. The separation condition is 0.1 % 
formic acid in water (solvent A) and acetonitrile (solvent B), 0.3 mL/min and using the 
following linear gradient: (time (min), % B) 5, 0; 18, 10; 25, 25; 30, 90; 35, 0. Mass 
spectra were acquired in positive ion mode with MSE using a capillary voltage of 3 kV, a 
sample cone voltage of 30 V and an extraction cone voltage of 4 V. The cone gas flow 
was set up to 30 L/h and desolvation gas flow was 800 L/h. Desolvation temperature and 
source temperature were set to 400 and 150 °C, respectively. The acquisition range was 
m/z 100-3000. The scan acquisition rate was 10 Hz. The LC-MS system was operated by 
the MassLynx software. 
DNase I footprinting of NCPs. The procedure was the same as described previously.16,78 
To the concentrated NCP solution (from 240 L to ~ 40 L by 10K Amicon 
concentration device) was added 2 L of 10 × DNase I buffer (10 mM Tris Cl, 2.5 mM 
MgCl2, 0.5 mM CaCl2, pH 7.6) and the indicated amounts of DNase I (Figures S9-S11). 
The reaction was carried out for 5 min at room temperature and quenched by adding 1 L 
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of 0.5 M EDTA. Nucleoprotein gel electrophoresis (10 × 8 × 0.15 cm, 6% 
acrylamide/bisacrylamide, 59:1, 0.6 × TBE buffer) was used to separate NCP from 
cleaved DNA. The intact NCP band was excised from the gel and the DNA was eluted 
overnight in 500 L of elution buffer (0.2 M NaCl and 1 mM EDTA) containing 0.1% 
SDS. The gel particle was filtered using a polyprep-column (BioRad) and the filtrate was 
mixed with 1 g of salmon sperm DNA followed by ethanol precipitation. The obtained 
samples were analyzed by 8% denaturing PAGE (40 × 32 × 0.04 cm). 
Determining the protein(s) involved in cross-linking with 4. DNA duplexes containing 
internal radiolabel (32P1) were assembled in the same manner as previously described16 
except the oligonucleotides and ligated duplexes were those depicted in App. Figure 1 
and 4. To the NCP solution (typically 240 L) was added 5 mM NaIO4. Following 
incubation for 4 h, the mixture was concentrated with Amicon Ultra 10K centrifugal filter 
to 50 L. The resulting solution was diluted to 500 L of 0.1% SDS in water followed by 
concentration again to 50 L in the same Amicon tube. An aqueous solution of 
benzonase (2 U, 0.5 L) and buffer are added to create a 100 L solution containing 50 
mM TrisHCl pH 8.0, 2 mM MgCl2, 20 mM NaCl. After incubation at 37 °C for 2 h, the 
reaction mixture was diluted with 1 × antarctic phosphatase buffer (50 mM bis-Tris-
PropaneHCl, pH 6.0, 1 mM MgCl2, 0.1 mM ZnCl2) to 500 L and concentrated using 
Amicon Ultra 10K centrifugal filter to 50 L. Repeat the dilution-concentration once 
more in the same Amicon tube. The final volume was adjusted to 100 L, to which was 
added 2 U nuclease P1. Following 4 h incubation, 900 L of cold acetone was added and 
the mixture was kept at -20 °C overnight. The proteins were pelleted by centrifugation 
(16,000 g) and washed with 500 L of cold acetone. After drying, the proteins were 
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analyzed by SDS-PAGE (18% resolving layer, acrylamide/bisacrylamide 29:1, 20 × 16 × 
0.1 cm, 5% stacking layer). Samples analyzed by TAU PAGE were dissolved in 8 M urea 
solution containing 10 mM DTT and 5% acetic acid. TAU gels (15 %, 
acrylamide/bisacrylamide 59:1, 8 M urea, 5 % acetic acid, 0.37 % Triton X-100, 16 cm × 
20 cm) were prepared and eletrophoresed under 300 V at 4 °C for 36 h.198 Wild-type 
histone octamer were loaded as reference. Both SDS and TAU PAGE were first stained 
with Coomassie blue (50 mL of 1:3:6 (v:v:v), HOAc/iPrOH/H2O with 0.5% (w/v) 
Commassie blue for 10 min) and destaining (50 mL × 3 times (20-30 min for each time), 
50:165:785 (v:v:v), HOAc/MeOH/H2O) followed the phosphorimaging analysis. 
Preparation of the plasmids for expression of mutated histones. The plasmids 
used for expression of mutated H4 were prepared by site-directed mutagenesis. The WT 
histone H4 (pET3a-H4-WT) plasmid was obtained as a gift from Professor Greg 
Bowman (JHU Biophysics). Plasmid for H4 K8, 12, 16, 20R was obtained from template 
of pET3a-H4-K5, 8, 12, 16, 20R, which was previously prepared.199 Similarly, plasmid 
for H4 K8, 12, 16, 20R, H18A was prepared from template of pET3a-H4-K5, 8, 12, 16, 
20R, H18A. The vector is pET3a and inset DNA sequences are listed below. PCR 
reaction solution was prepared by mixing 5 L of 10 × Pfu Tubo DNA polymerase 
buffer, 1 L dNTP mix (10 mM), 3 L forward primer (5 M), 3 L reverse primer (5 
M), 0.5 L H4 plasmid (90 ng/L), water 37 L to make a solution with a total volume 
of 49 L. Pfu Tubo (1 L) DNA polymerase (Agilent, 2.5 U/L, Cat # 600250-52) was 
added to the above mixture and the resulting solution was subjected to reaction cycles 




cycles Temperature Time 
1 95C 1 min 
20 C 30 sec 
C 1 min 
C 9 min 
1 C 5 min 
 
Following the PCR reactions, the solutions were placed on ice for 2 minutes to 
cool the reactions to less than 37 C. Dpn I restriction enzyme (2 L, 10 U/L, Agilent, 
cat # 500402-51) was gently and thoroughly mixed with the reactions and they were 
immediately incubated at 37 C for 2 h. A portion of Dpn I-treated DNA (5 L) was 
added to one tube of DH5 cell (100 L), which were thawed on ice, to initiate 
transformation. The mixture was incubated on ice for 10 minutes, followed by heat pulse 
at 42 C on thermocycler for 45 seconds. The solution was then immediately put on ice 
for 2 min, to which 500 L of room temperature LB medium was added. The resulting 
mixture was incubated at 37 C for 1 h with shaking at 250 rpm. A portion of the reaction 
(150 L) was plated on LB-ampicillin (100 g/mL) agar plate, which was set on the 
bench for several min to allow excess liquid to be absorbed, and then incubated overnight 
at 37C. Five separate colonies were picked from the plate and placed into five separate 
cultures of 5 mL LB medium containing 100 g/mL ampicillin. The ccultures were 
incubate at 37 C overnight with shaking at 250 rpm for 16 h. The cells were harvested 
by centrifruge, and the plasmids were purified by QIAprep Spin Miniprep Kit using the 
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protocol provided within the kit. The plasmids were finally eluted out by 50 L H2O, 
which was concentrated to ~20 L. Following precipitation, the concentration was 
determined by UV (the ideal concentration is >70 ng/L). All the plasmids (8 L for 
each) were sent (to The Synthesis and Sequencing Facility at Johns Hopkins University) 
for DNA sequencing and the correct one was chosen for protein expression.  
Sequence of pET3a-H4-K5, 8, 12, 16, 18R: 
-CTTTAAGAAGGAGATACA TATG (start codon) 
1 
tct ggt cgt ggt cgt ggt ggt cgt ggt ctg ggt cgt ggt ggt gct cgt cgt cac cgt 
20 
cgt gtt ctg cgt gac aac atc cag ggt atc acc aag ccg gct atc cgt cgt atg gct  
39 
cgt cgt ggt ggt gtt aaa cgt atc tcc ggt ctg atc tac gaa gaa acc cgc ggt gtt 
58 
ctg aaa gtt ttc ctg gaa aac gtt atc cgt gac gct gtt acc tac acc gaa cac gct 
77 
aaa cgt aaa acc gtt acc gct atg gac gtt gtt tac gct ctg aaa cgt cag ggt cgt 
96                               102 
acc ctg tac ggt ttc ggt ggt TAA (stop codon) AGA TCCGGCTGC- 
 
Sequence of pET3a-H4-K5, 8, 12, 16, 18R, H18A: 
-CTTTAAGAAGGAGATACA TATG (start codon) 
1 
tct ggt cgt ggt cgt ggt ggt cgt ggt ctg ggt cgt ggt ggt gct cgt cgt gct cgt 
20 
cgt gtt ctg cgt gac aac atc cag ggt atc acc aag ccg gct atc cgt cgt atg gct  
39 
cgt cgt ggt ggt gtt aaa cgt atc tcc ggt ctg atc tac gaa gaa acc cgc ggt gtt 
58 
ctg aaa gtt ttc ctg gaa aac gtt atc cgt gac gct gtt acc tac acc gaa cac gct 
77 
aaa cgt aaa acc gtt acc gct atg gac gtt gtt tac gct ctg aaa cgt cag ggt cgt 
96                               102 
acc ctg tac ggt ttc ggt ggt TAA (stop codon) AGA TCCGGCTGC- 
 
Preparation of plasmid for H4 K8, 12, 16, 20R (pET3a-H4-K8, 12, 16, 20R) 
Template: pET3a-H4-K5, 8, 12, 16, 20R 
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Forward primer: 5'-CATATGTCTGGTCGTGGTAAAGGTGGTCGTGGTCTGGGTC-3' 
Reverse primer: 5'-GACCCAGACCACGACCACCTTTACCACGACCAGACATATG-3’ 
 
Preparation of plasmid for H4 K8, 12, 16, 20R, H18A (pET3a-H4-K8, 12, 16, 20R, 
H18A) 
Template: pET3a-H4-K5, 8, 12, 16, 20R, H18A 
Forward primer: 5'-CATATGTCTGGTCGTGGTAAAGGTGGTCGTGGTCTGGGTC-3' 
Reverse primer: 5'-GACCCAGACCACGACCACCTTTACCACGACCAGACATATG-3’ 
 
 
General procedure for histone protein expression and purification (the procedure 
was similar as described previously200 with minor modifications). 
Important:  All buffers containing urea or guanidine should be prepared the day they are 
used.  PMSF and BME should be added immediately prior to use.  FPLC buffers need to 
be degassed and sterilized using a Stericup (Millipore). TRIS buffers should be diluted 
from a 1 M stock prepared with TRIS base and HCl.  
Histone protein expression.  
The cells used to express the histone proteins were BL21 (DE3)pLys S/R*. The 
cells (50 L) were thawed on ice for approximately 15 min and transfer them into a 5 mL 
rounded bottom tube (also on ice) using a pre-chilled pipette tip. To the cells was added 
100 ng of the appropriate plasmid (in as small a volume as possible). The mixture was 
gently stirred on ice using a pipette tip. The cells were allowed to incubate on ice for 20 
min with occasional swirling prior to the heat shock at 42 C for 45 sec. Immediately 
after heating, the cells were placed back on ice and 200 L SOC media (Invitrogen) was 
added. Following incubating the cells at 37 C with vigorous shaking for 1 h, 25 L of 
the solution was withdrawn for plating. (Note: All cell solutions must be well aerated to 
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grow efficiently.) The plates should contain 2 × TY media (1.6% Tryptone, 1% Yeast 
Extract, and 0.5% NaCl (all w/v)) supplemented with 100 g/mL ampicillin (+AMP) and 
34 g/mL chloramphenicol (+Chlor). The plated cells were incubate at 37 C overnight 
(not longer than 16 h). Approximately 100-500 colonies should be present after the 
overnight incubation.  The plate can be stored at 4 C after use.  Pick a single colony 
using a pipette tip and place it in 50 mL of 2 × TY (+AMP, +Chlor) and incubate at 37 
C for 16 h. Alternatively, the step of cell plating can be skipped. Instead, 10 L of 
transfected cells after 1 h incubation was directly placed in 15 mL of 2 × TY (+AMP, 
+Chlor) and incubate at 37 C for 16 h.  
 A single colony was picked using a pipette tip (or 1 mL of the overnight growing 
cell was withdrawn) and placed (with the pipette tip) into 10 mL of 2 × TY (+AMP, 
+Chlor). The mixture was incubated overnight at 37 C with vigorous shaking. This 10 
mL solution was used to inoculate 4 L of pre-warmed 2 × TY (+AMP, +Chlor) and 
incubate the solution at 37 C with vigorous shaking until the OD600 reached 0.5-0.6 (3-
5 h). At this point, initiate protein expression by adding IPTG to a final concentration of 
200 M (from a 1 M stock in EtOH). Allow the cells to incubate for an additional 4 h 
then harvest the cells by centrifugation at 5000 rpm for 15 min at 4 C. Resuspend the 
cells in 30 mL of wash buffer (50 mM Tris (pH 7.8), 100 mM NaCl, 1 mM EDTA, 5 mM 
BME, and 0.2 mM PMSF (BME and PMSF are added directly before use)) and flash 
freeze them using liquid nitrogen. The cells can be stored at -80 C indefinitely. 
 Thaw the above cell solution at 30 C in a water bath. As the cells thaw, the 
solution should become very viscous. This is an indication that lysis has occurred. If the 
solution does not become viscous, vigorous shaking or repeating the freeze/thaw 
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procedure will help.  Sonicate the mixture on ice using 100 % power (10 sec on/ 10 sec 
off for 8 minutes total time).  It is important that the solution be homogeneous at this 
point.  If the liquid remains viscous, repeat the sonication until a homogeneous solution is 
achieved.  Spin the solution at 15,000 g for 30 min (4 C) and discard the supernatant.  
The pellet should be solid and white! (If the pellet appears spongy, the sonication was not 
complete and should to be repeated.) Resuspend the pellet in wash buffer T (30 mL, 50 
mM Tris (pH 7.8), 100 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 5 mM BME, 
and 0.2 mM PMSF (BME and PMSF are added directly before use)) by pipetting up and 
down on ice and repeat the sonication (35 % power, 10 sec on/ 10 sec off for 8 minutes 
total time) step. This will help in resuspension of the pellet. Repeat the above 
centrifugation (15,000 g for 30 min at 4 C) and discard the supernatant. Resuspend the 
pellet an additional time in wash buffer T and repeat the spin (no sonication is needed this 
time).  Repeat the resuspension/spin two additional times using wash buffer (50 mM Tris 
(pH 7.8), 100 mM NaCl, 1 mM EDTA, 5 mM BME, and 0.2 mM PMSF  (BME and 
PMSF are added directly before use)). This brings the total number of spins to 5.  After 
the final spin, the pellet should appear off-white in color. After discarding the 
supernatant, the pellet was spread along the inside wall of a new 50 mL Falcon tube using 
a spatula, maximizing the surface area. This pellet is the purified inclusion bodies and can 
be stored at -20 C indefinitely.  
Histone protein purification. 
Important:  The FPLC columns should be attached with a flow of 1 mL/min water. DO 
NOT allow air to enter the columns! After the columns are attached, stop the flow, place 
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the intake line into the correct buffer, and perform a pump wash. The columns should 
then be equilibrated as described below. 
 All FPLC buffers were prepared in prechilled water (at 4 C). PMSF and BME 
should be added immediately prior to use. To the inclusion bodies was added 2 mL of 
DMSO until the smeared pellet appears “glistening”. To the mixture was added 40 mL of 
extraction buffer (7 M guanidine HCl, 20 mM Tris pH 7.8, and 10 mM DTT) and rock 
for 1 h at room temperature. During this time, the desalting columns (HiTrap Desalting, 
GE Healthcare, cat. # 17-1408-01) were equilibrated with desalting buffer (if the columns 




25 mL of H2O). Five desalting columns were attached in tandem directly to the FPLC 
detector and equilibrate with a 0.3 MPa pressure limiting flow. The inclusion body was 
spun at 7,500 g for 1 h at 4 C. The supernatant was filtered through a syringe filter (0.4 
m). The solution was then injected to the tandem desalting columns with 4 × 10 mL 
injections. To perform the injection, attach a screw adapter (capped) that came with the 
desalting columns to a 10 mL syringe and pour 10 mL of the solution within. Add the 
plunger, flip the syringe upside-down, and remove the screw adapter cap. Carefully force 
all the air bubbles from the liquid and attach the syringe directly to the top desalting 
column. Force the 10 mL solution into the columns (this requires a large amount of 
Desalting Bufffer FPLC Buffer A FPLC Buffer B
NaCl 100 mM 0 mM 1 M
Tris-HCl (pH 7.8) 10 mM 10 mM 10 mM
EDTA 1 mM 1 mM 1 mM
Urea 7 M 7 M 7 M
BME 5 mM 5 mM 5 mM
PMSF 0.1 mM 0.1 mM 0.1 mM
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force). Because the dead-volume of each column is 1 mL, after applying 5 mL of the 
solution, the material eluting from the columns should be collected (the proteins are not 
retained on the columns).  After the remaining 5 mL are applied, the syringe was 
removed and the columns are attached to the FPLC line. Continue to elute the protein 
with desalting buffer at a flow rate of 1 mL/min (App. Figure 20). The proteins were 
collected until the absorbance decreases below 200 mAU. The injection is complete 
after the salts elute and equilibration of the column occurs. 
After the desalting is complete, the proteins are purified using ion-exchange 
chromatography (HiTrap Q FF, GE Healthcare, cat. # 17-5156-01 and HiTrap SP FF, GE 
Healthcare, cat. # 17-5157-01).  Attach the Q  S tandem columns (one of each) directly 
to the detector as described above and equilibrate them with 10 % FPLC buffer B in 
FPLC buffer A (again, if the columns were stored in 20% EtOH, they should be first 
equilibrated with H2O). Once equilibrated, the entire solution collected from the desalting 
columns (~60 mL) was loaded on the columns using a 60 mL syringe in the same fashion 
as above (this will require far less force than for the desalting columns). After the protein 
is loaded, the FPLC line was attached with columns, which were washed with 50 mL of 
the above solvent system using a 0.3 MPa pressure limited flow rate (App. Figure 21). 
The Q-column was removed and the protein was eluted using a linear gradient from 10 % 
to 60 % FPLC buffer B over 16 column volumes (~80 mL) at a flow rate of 3 mL/min 
(App. Figure 22).  Collect the protein using 5 mL fractions and determine the purity by 
SDS-PAGE (18%).   
The fractions containing pure protein were collected for dialysis, which is 
required to remove the urea and other salts. Place the pooled protein solution in a piece of 
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3,500 MW cut-off dialysis tubing, which was clamped at one end (Note:  the tubing 
needs to be rinsed and soaked in water at room temperature for 2 h prior to use). After the 
solution is applied, clamp the tubing tightly allowing room for expansion (3-5 mL).  
Remember to check for leaks (no dripping from the dialysis tube)! Attach the tubing to a 
foam floater and place it in one of the pre-cooled dialysis buffer (4 L, 5 mM BME, and 
0.1 mM PMSF) and cover the pail with plastic wrap. All dialysis should be done at 4 C 
with gentle stirring. The dialysis buffer was changed every 12 h for three times. Once the 
dialysis is complete, the protein solution was concentrated using an Amicon Ultra-15 
device (3,000 MWCO, Millipore) and lyophilize to dryness. Resuspend the protein in 3 
mL of water and determine the concentration by UV using the values below. Prepare 2 
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(S1) ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA 
(S2) GAC TAG GGA GTA ATC CCC TTG GCG GTT AAA ACG CG 
(S3) GGG GAC AGC GCG TAC 
(S4) GGG GAC A173C GCG TAC G                          1 =  
(S5) GTG CGT TT189 AGC GGT GCT AG 
(S6) TGC GTT TAA GCG GTG CTA G 
(S7) AGC TGT CTA CGA CCA ATT GAG CGG CCT CGG CAC CGG GAT TCT GAT  
(S8) CTC CCT AGT CTC CAG GCA CG 
(S9) GTA GAC AGC TCT AGC ACC GCT AAA ACG CAC GTA CGC GCT GTC CCC CGC GTT  
     TT 
(S10) GGG GAC AGC GCG TAC GTG CGT TTA AGC GGT GCT AG 
(S11) AGC TGT CTA CGA CCA ATT 1119AG CGG CCT 
(S12) CGG CAC CGG GAT TCT GAT 
(S13) CGC TGT CCC CCG CGT TTT AA 
(S14) GTA GAC AGC TCT AGC ACC GC 
(S15) CGG TGC CGA GGC CGC T 
(S16) ATC AGA ATC CCG GTG CCG AGG CCG CTC AAT TGG TC 
(S17) GTA GAC AGC TCT AGC ACC GCT 1202AA ACG CAC 
(S18) GTA GAC AGC TCT AGC ACC GCT AAA ACG CA 
(S19) GTA CGC GCT GTC CCC CGC GTT TT 
(S20) CGT ACG CG1218 TGT CCC CCG CGT TTT AA 
(S21) CCG CCA AGG GGA TTA CTC CCT AGT CTC CAG GCA CGT GTC AGA TAT ATA  
      CAT CGA T 
(S22) AGC TGT CTA CGA CCA ATT GA 
(S23) CGC GTA CGA AAA CGC G 
255 
 
(S24) CCC TTG GCG GTT AAA ACG CG 
(S25) GTA GAC AGC TCT AGC ACC GCT AAA A 
(S26) 1205CG CAC GTA CGC GCT GTC CCC CGC GTT TTA A 
(S27) ATC AGA ATC CCG GTG CCG 
(S28) AGG CCG CT1172 AAT TGG TC 
(S29) GGG GAC AGC GCG TAC GTG CGT TTA 
(S30) GGG GAC A 
(S31) 189AG CGG TGC TAG 
(S32) 173CG CGT ACG TGC GTT TAA GCG GTG CTA G 
(S33) AGC TGT CTA CGA CCA ATT 
(S34) 1119AG CGG CCT CGG CAC CGG GAT TCT GAT 
(S35) GTA GAC AGC TCT AGC ACC GCT 
(S36) GTA GAC AGC TCT AGC ACC GCT AAA ACG CAC GTA CGC G 
(S37) 1202AA ACG CAC GTA CG 
(S38) 1218TG TCC CCC GCG TTT TAA 
(S39) ATC AGA ATC CCG GTG CCG AGG CCG CT 
(S40) 1172AA TTG GTC 









             (A) K16A                                                             (B) K20A        







































             (C) K16, 20A                                                      (D) K5, 8, 12A 




























































             (E) H18A                                                           (F) K5, 8, 12, 16, 20R 




































             (G) K8, 12, 16, 20R                                             (H) K5, 8, 12, 16, 20R/H18A 







































               
 
 




























App. Figure 6. Kinetic study of 289 in NCPs containing (A) H4 K16A variant; (B) H4 
K20A variant; (C) H4 K16,20A variant; (D) H4 K5, 8, 12A variant; (E) H4 H18A 
variant; (F) H4 K5, 8, 12, 16, 20R variant; (G) H4 K8, 12, 16, 20R variant; (H) H4 K5, 8, 



























App. Figure 12. 1H NMR spectra of 3', 5'-O-diacetyl-5-(N-methoxymethylamine)-2'-
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